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Abstract

We report the first observation of dijet production by Double Pomeron Exchange
(DPE) in pp collisions at /s = 1.8 TeV using the Collider Detector at Fermilab (CDF).

In DPE events, large rapidity gaps, defined as a region of rapidity or pseudorapidity
devoid of particles, are left in both forward directions. In a sample of events containing
a leading antiproton in diffractive pp interactions at /s = 1.8 TeV, we select events
with at least 2 jets with transverse energy Ep > 7GeV in the kinematical region
0.035 < & < 0.095 and [t;| < 1.0GeV? where & is the fractional momentum loss of
the p and ¢, is the four momentum transfer squared at the p vertex.

In this sample of single diffractive (SD) dijet events, we observe DPE dijet events
as an excess of events with a rapidity gap in the forward pseudorapidity region 2.4 <
n < 5.9 on the outgoing p direction. Using the information on particles detected
with the CDF detector, we estimate the fractional momentum loss of the p to be
0.01 < &, < 0.03. We measure the cross sections for non-diffractive (ND), single
diffractive, and DPE dijet productions.

In comparison of DPE dijets with SD and ND dijets, we find that the DPE dijet is
characterized by the Er spectrum being similar to that of SD dijet and being slightly
softer than that of ND dijet. Also, the DPE dijet is kinematically produced toward
the outgoing p direction, and is more back-to-back than SD and ND dijets.

The cross section ratio R% of DPE to SD dijet production is compared between
the data and the predictions of the Monte Carlo simulations based on the Ingelman-
Schlein model with the Donnachie-Landshoff pomeron flux factor. We find the presence
of a disagreement of R% ratio between the data and the simulations.

The dijet mass fraction, defined as the mass of dijets divided by the total mass of
the central system, is evaluated based on the measurements of £ for the p and p. From
the observed data distribution, we find that the contribution of non-factorizable DPE
events, in which only the two jets are produced in the central system, is small in our

kinematical range.
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Chapter 1

Introduction

Since the theory of strong interactions, Quantum Chromo Dynamics (QCD), was es-
tablished many years ago, theoretical predictions based on perturbative QCD have pro-
vided good agreement with experimental data in large transverse momentum process.
The QCD framework successfully describes such a short range interaction with small
coupling constant «,(Q?) where Q? is the square of the momentum transfer in the
process, but it has less predictive power for the processes with small Q? and hence
large a,(Q?). On the contrary, it is well known that in Regge Phenomenology [1] sev-
eral processes such as elastic or diffractive scattering are described by the exchange
of a Regge trajectory called the “pomeron” that carries the quantum numbers of the
vacuum. One of the processes related to pomeron exchange, single diffractive disso-
ciation (simply single diffraction or SD) [2], occupies a large fraction (10 ~ 15%) of

inelastic hadron interactions. In the single diffractive dissociation process:

the incident hadron h; (p or p) goes through quasi-elastically with the final momentum
smaller by 10 % or less than the initial momentum, and the other hadron h, is excited
into high mass state, then breaks up into multi-hadronic particle state X. Due to
colorless nature of the pomeron, the pomeron exchange between h; and h, leaves a

rapidity gap, defined as a region of rapidity or pseudorapidity where there is no particle,
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Figure 1.1: A diagram of single diffractive dissociation in pp collisions. IP denotes the
pomeron in Regge theory.

between the scattered h; and the particle state X. Figure 1.1 shows a diagram of single
diffractive dissociation with a leading antiproton in pp collisions. The diffractively

excited mass M is given by the formula:
M? = s5(1 — xp), (1.2)

where s is the square of the center of mass energy in pp collisions and = is the
Feynman variable of p defined as momentum fraction of the quasi-elastically scattered
p to the incident p beam in the center of mass system, x, = Pk,/PL where f)ifz(out) 1s
the longitudinal momentum of the incident (scattered) antiproton. In Eq. (1.2), the
two approximations that the mass of the p can be neglected in comparison with M
and /s, and the transverse momentum of the scattered p is negligibly small, are used.

It is worth noting that the variable &, defined as

M2
£= —, (1.3)

S

is also frequently used. The & and x; are related by € = 1—x, so that the £ represents

the fractional momentum loss of the antiproton. The ¢ in the figure represents the four
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Figure 1.2: A diagram of Double Pomeron Exchange (DPE) process in pp collisions.
IP denotes the pomeron in Regge theory.

momentum transfer squared, defined as
t = (P — Pin)% (1.4)

where Pj, () is the four momentum of the incident (scattered) antiproton. At the
Tevatron energy of /s = 1.8 TeV, the diffractive cluster mass reaches about 400 GeV
at the range of xz > 0.95 in which the Regge theory predicts that the pomeron
exchange is dominant over other reggeon exchanges such as p, w, ¢. In this high mass
diffraction, we expect the presence of diffractive processes involving a large momentum
transfer subprocess, called hard diffraction, in addition to usual soft diffraction. Hard
diffraction is characterized by a hard scattering process such as productions of high
transverse momentum (pr) jets, W/Z bosons and heavy quarks, so it would be a
possible probe to the “parton structure of the pomeron”.

The process called Double Pomeron Exchange (DPE) is defined as the reaction:
hi + hy — hy + hy + X, (1.5)

where a system X of produced particles in the central region is separated by large



rapidity gaps in both forward directions from outgoing hadrons. A diagram of Double
Pomeron Exchange in pp collisions is shown in Figure 1.2.

In this thesis we report the study of Double Pomeron Exchange events in pp colli-
sions at /s = 1.8 TeV using the Collider Detector at Fermilab (CDF). This is the first
observation of the DPE event at the Tevatron. In the data analysis we do not rely on
any hypothetical models in standard Regge theory and stick to what the experimen-
tal data shows. Especially what we focus our concentration is an observation of the
jets in DPE events. The production of DPE jets would provide another probe to the
exchanged objects regardless of what they are, i.e., pomerons, reggeons or something
else, and hence confirm the validity of the constituent picture of these objects.

Another motivation of focusing jets in DPE events is that this result is, if we
observe, the first direct measurement of DPE jets using an unbiased sample by the
gap requirements. As discussed later, jet production by DPE was studied using the
UA1 detector [3]. They reported a measurement of DPE jets in pp collisions at /s =
630 GeV. However, their data sample clearly has the bias arising from requiring the
rapidity gaps on both the forward directions. Moreover, they required that there
was an energy deposition above threshold in the central region, which would bias the
accepted events towards higher mass, so that they did not conclusively demonstrate
that their observed jets were really produced in DPE process.

The outline of the thesis is as follows. I start the thesis with an introduction for
high energy diffraction including the descriptions about the standard Regge theory and
the models for hard diffraction, and their experimental tests. The recent activities of
CDF for hard diffraction are mainly reviewed. We see there that the standard Regge
approach and hard diffraction models which the pioneers proposed do not describe the
data. Then, the Tevatron and the CDF detector are described in Chapter 3. New
detectors for CDF hard diffraction experiment are also described there. Chapter 4
presents the data and trigger used in the analysis. Next the analysis procedure of data

containing the jets is described in Chapter 5. We obtain a sample of events containing



the dijets that are produced in single diffractive interactions. In Chapter 6 the analysis
results of DPE dijets, the main topic of the thesis, are presented. It contains the
measurement of dijet cross sections, studies of diffractive structure functions of the
proton and antiproton, and mass fraction of the dijet and so forth. The Monte Carlo
programs used for the comparison with the data are described in Chapter 7. Finally,

I summarize the results and present the conclusions.



Chapter 2

High Energy Diffraction

2.1 Standard Regge Picture

It is well known that the behavior of high energy elastic, diffractive and total cross
sections is described in the framework of Regge Pole Phenomenology [1]. In the Regge
pole picture of high energy proton and antiproton interactions (see Figure 2.1), the
total cross section agip is expressed as follows,

o = 31(0) Ap(0) (i)w)_l - (2). (1)

So

where ﬂﬁ.@ is the coupling of the pomeron IP to the proton p (antiproton p), s is the
square of the center of mass energy in pp collisions, s, is the energy scale constant.
The pomeron trajectory app(t) is given as ap(t) = 1+ec+a't (¢ > 0). The total cross
section 0:’;” is thus factorized into the pomeron-hadron couplings and the universal
contribution from the pomeron exchange.

Single diffractive cross section o', (single diffraction with a diffracted proton) is

given in the standard Regge formalism as

d?o?? 1 ~ 1\ arp(0)—1
dg 7= o Opmre T [ﬁi’o(O)g(t) (§—6> ] (2.2)
= fep& t) or" (s 1), (2.3)
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Figure 2.2: Diagrams for single diffractive cross section in pp collisions.
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where g(t) is the triple-pomeron coupling, s’ = M? = s is the square of the center of
mass energy of the pomeron-antiproton system, sj is the energy scale constant. The
term in the brackets of Eq. (2.2) represents the pomeron-antiproton total cross section

oFP(s', t) and it is written as

B B S, ap([])fl B S, 5
PP (s 1) = ol (—) - (—) | (2.4)

by assuming that the triple-pomeron coupling ¢(¢) is independent of ¢ [2] and writing
B0.(0) g(t) = (5,(0) g(0) = o . Diagrams related to the single diffractive cross section
are shown in Figure 2.2.

As in Eq. (2.3), single diffractive cross section divided by the pomeron-antiproton
total cross section defines the pomeron fluz factor:
d?ofh,/dédt 1

or (s, t) 16

1
_ T ap ()2 2 (1-2ap(t)
(0 F(1)*€

Tep(&: 1) — Bp(t)? g7t



1
— pF 1—204113(t) 2
ol F(1) g2, (2.5)

where the proton form factor F'(t) = 7,(t)/ 35 (0) provides a ¢ dependence of pomeron-
proton coupling 3%, and the relation %,(0)? = ob? is used in analogy to 4%,(0) 35 (0) =

of?.

An apparent problem of the standard Regge approach is that it shows a unitarity
violation due to the incorrect s dependence of single diffractive cross section. The

single diffractive cross section integrated over £ and ¢ is given by

_ SI gmaz
oy = o (5) [ et nacar
0 gmln
Pp _pp Emaz
_ 0p 0y 1-2ap(t 2
- R <30>/g / e F(t)? de dt

min

gma(l?
~ 5 / g—(H—E) d¢

gmin

~ 5, (2.6)

where s’ = s£ and the integral is carried over the entire diffraction region between
Emin = MG /s with My = 1.5 GeV? (effective threshold) and &,,,, = 0.1 (coherence
limit) [4]. The single diffractive cross section 0%, behaves like ~ s* while the total
cross section o7 behaves like ~ s°, as shown in Eq. (2.1). Since 0%, grows faster than
o, the unitarity violates at some s.

A possible solution of this problem is given by a hypothesis of pomeron flux renor-
malization [4]. Based on the hypothesis that the pomeron flux factor integrated over
all phase space cannot exceed unity, the pomeron flux factor is normalized as follows,

fep(&, 1) iEN(s) <1,

e ) = flp/p@, D e, (2.7
NG

Emax
where N(s) = / / Fi(E, t) de dt, (2.8)

mzn

where usually &,,;, = M§/s with My = 1.5 GeV? (effective threshold) and &,,,,, = 0.1

(coherence limit) [4]. With this renormalization, the single diffractive cross section



is kept below the total cross section at all energies. The normalization factor N(s)
depends on s since &,,;, = M{/s. Also, the renormalized pomeron flux prediction is

in good agreement with soft diffraction cross section data [4, 5].

2.2 Hard Diffraction

About 15 years ago, G. Ingelman and P.E. Schlein proposed a possibility of exploring
the nature of the pomeron based on the production of high transverse momentum
(pr) jets in high mass diffraction [6]. In the diffractive process p + p — p + X, they
suggested that the exchanged pomeron could be probed by a process in which a hard
scattering occurs between e.g., a gluon in the pomeron and a parton in the proton,
and this type of event would give rise to high p; jets produced opposite in rapidity
the quasi-elastically scattered antiproton. Thus, such a diffractive process involving a
large momentum transfer (%) subprocess is regarded as hard diffraction [7]. Tt is worth
noting that the hard diffraction and diffractive hard scattering are different processes
[8]. The former is a process in which a momentum transfer across the rapidity gap due
to an exchange of color singlet object (normally the pomeron) is small, but a high Q?
subprocess occurs between the exchanged object and the other hadron. On the other
hand, in the latter the color singlet object is exchanged with large momentum transfer
across the rapidity gap.

In this section, we briefly describe about the original hard diffraction model pro-
posed by Ingelman and Schlein. Since their proposal some important theoretical
progress (e.g., Donnachie-Landshoff approach) has been made. After presenting them,
we then describe experimental studies, in particular the recent results which are closely

related to the motivation of this thesis.
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kel

Figure 2.3: Diagrams of Ingelman-Schlein model for hard diffraction in single diffrac-
tive scattering: p+p — p+ X. (1) A pomeron ([P) is emitted from the p. (2) A hard
scattering occurs between a parton p; in the proton and the other parton pj (e.g.,
gluon) in the pomeron. The scattered two partons become jets, and the remaining
partons form the spectator (beam) jets along the pomeron or proton directions.

2.2.1 Ingelman—Schlein Model

The basic idea which Ingelman and Schlein proposed [6] is that the exchange mecha-
nism of the pomeron is the same for hard diffraction and traditional (soft) diffractive
dissociation, and the pomeron consists of the constituent partons. Accordingly, the
factorization property, which may be justified by the success of pomeron phenomenol-
ogy in elastic and diffractive scattering, is assumed to be valid even in hard diffraction.
For the process p+p — p+ X, this factorization based picture would naturally lead to
the following two step reactions: 1) a pomeron is emitted from the antiproton with a
small momentum transfer ¢, (Figure 2.3, left), then 2) the pomeron interacts with the
proton between the partons at a large momentum transfer scale (Figure 2.3, right).
Due to the assumed factorization property, they suggested that the hard diffraction
cross section (e.g., Ugij for two jet production) could be expressed in terms of single

diffractive cross section, ogp, as follows,

d*o?, B 1 dogpy dPo(plP = jj+ X) 29)
depdtdr,dvy,  lo(plP — X) dvpdt dzy dxs ’ '

where zp is the momentum fraction of the pomeron to the antiproton, and ¢ is the four
momentum transfer squared, o(p/P — X) is the proton-pomeron total cross section

and o(pIP — jj + X) is the proton-pomeron hard scattering cross section. The term

10



in brackets stands for the pomeron flux factor fp/;(@p, t), and it only depends on z
and t. The remaining term d*c(pIP — jj + X)/dx, dzy is interpreted as the proton-
pomeron hard scattering differential cross section depending on z; and x, that are the
momentum fractions of the interacting partons p; and p; in the proton and pomeron
respectively. The hard scattering cross section is therefore given as

d*o(plP — jj + X
dzy dx, dt

dé(ik — j7)
dt

) = pri/p(xla QZ) : fpk/lp(x% QZ) ' R (210)
i,k

in terms of the parton density functions of the proton f,, (1, @Q?), and the pomeron
fooyp (T2, @%), and the cross section for the parton subprocesses do(ik — jj)/dt. In
the original evaluations of Eq. (2.10), they assumed for the simplicity of calculation
that the pomeron was a pure gluonic object and the momentum sum was kept unity
by the gluons. Furthermore, the pomeron parton density function fy/ was assumed

to be independent of not only Q? but also t. They used the two functional forms for

fg/lP:

x fop(r) = 62 (1 —x), (2.11)

z fop(r) = 6(1—2)°. (2.12)

They were referred to as hard gluon (Eq. (2.11)) and soft gluon (Eq. (2.12)) structure
functions respectively.

The pomeron flux factor which they assumed is a simple ¢-dependent form 6,
9] such as (1/zp) - (*% + 0.04e*) in [6], obtained from the fit to single diffractive
cross section data. The model with the above assumptions which they proposed is
called the Ingelman-Schlein model or IS model. The parton distribution functions and
exponential ¢ dependence of the pomeron flux factor of original IS model are rather

primitive and hence this model is unlikely to describe the recent data at Tevatron and

HERA.

11



2.2.2 Donnachie—Landshoff Model

After the original IS model was proposed, A. Donnachie and P.V. Landshoff suggested
another hard diffraction model [10] (called Donnachie-Landshoff model or DL model).
The most significant differences between the DL model and the above IS model are
the following two. First, the DL model is based on the assumption that the pomeron
is dominantly made of quarks and antiquarks, in contrast to the IS model assuming
the gluonic pomeron. Second, the momentum sum rule is not assumed in the DL
model. The first assumption could be justified, at the time when they suggested, by
the results of soft diffraction showing the similarity of the pomeron to the photon.
However, we now know that the pomeron is presumably a mizture of the quarks and
gluons as discussed later, so that the pomeron structures which the pioneers assumed
are the extreme cases.
The DL model is characterized by the pomeron flux factor defined as

frp(@p, t) = 9_63_ [Fl(t)]Z' <L>2a1}?(t)—1, (213)

472 Tp

where F)(t) is the proton form factor, 3, is the pomeron-quark coupling, and ap(t) is

the pomeron Regge trajectory. The Fi(t) is given by

4m?2 — 2.8t 1
Fi(t) = —2 : 2.14
1) Amz —t (1 —t/0.7> ’ (2.14)

where m, is the proton mass. From the fitting of soft diffraction data, they used the

pomeron trajectory ap(t) given by
alt)=1+c+a't, e~0085 o =0.25GeV > (2.15)

As discussed later in experimental results, we find that the experimental diffractive
rate at the Tevatron is about a factor 5 lower than the DL model prediction, so it is

found that the original DL model does not completely work.

12



2.2.3 Renormalized Pomeron Flux Model

Recently, K. Goulianos proposed a possible model which describes experimental data,
called Renormalized Pomeron Fluz model or RPF model [4], which alters a pomeron
flux normalization. As described in Section 2.1, it is based on a hypothesis that the
pomeron flux factor integral cannot exceed unity and the renormalized pomeron flux
factor given in Eq. (2.7) is introduced. The normalization factor N(s) given in Eq. (2.8)
is dependent of s because N(s) is a function of &, so the flux factor normalization
is process dependent. This means that the conventional Regge factorization breaks
down.

In comparison with all available experimental data, the RPF model predictions
are in good agreement with both soft and hard diffraction data in pp collisions at the

Tevatron, and Deep Inelastic Scattering (DIS) in ep collisions at HERA [4, 11, 12, 13].

2.2.4 Hard Diffraction Experiments

The first experimental evidence for hard diffractive (jet) production was obtained
by the UA8 experiment at the CERN SppS collider [14, 15]. They reported the
observation of localized clusters with transverse energy FEr > 8GeV in pp collisions
at /s = 630GeV, and showed that their properties were in agreement with those
of typical jets. From the information of two jet system which they observed, they
estimated the structure of the pomeron being consistent with a hard parton density
function like z(1 — «), with an additional 30 % “super-hard” components showing the
d-function like distribution at z = 1 (x is the momentum fraction of the pomeron
carried by the interacting parton).

Recently the experiments at the Tevatron pp collider and the HERA ep collider
reported a number of results on hard diffraction and the structure of the pomeron.
The Tevatron has a clear advantage for achieving a high mass diffraction from its high
center of mass energy collisions of the protons and antiprotons. The HERA with ep

collisions can precisely measure the diffractive structure function of the proton over a

13



wide kinematic range of Q% or pp in electron-proton deep inelastic scattering (DIS) *.
These new results will provide us the deep insight into the property of hard diffraction.
In the analysis of this thesis, we often quote the results of hard diffraction at Tevatron,
and so, to review recent results at the Tevatron should be instructive. After that, we

discuss the status of Double Pomeron Exchange studies.

Fermilab Tevatron

Two Tevatron collider experiments at Fermilab, CDF and D), reported a number
of results of hard diffraction in pp collisions at /s = 1800 GeV and 630 GeV. In
particular, CDF experiment has done so far more detailed studies for the production
of W boson, high transverse energy jets and bottom quark in diffractive events, and
gave an estimate for the gluon content of the pomeron. One of the most striking
features that CDF found is a breakdown of factorization at the Tevatron, compared

with HERA results. In the following, the CDF results are reviewed.

Diffractive W Boson Production

One of the most important results at the Tevatron is a measurement of the diffractive
W and dijet production at CDF. Particularly the observation of diffractive W boson is
the first one at the Tevatron [16]. CDF measured the production rate of diffractive W
decaying into an electron or positron: p+p — p or p+W=+X followed by W+ — e* 4.
For events with a central e~ (e™) with |7°| < 1.1 and missing E greater than 20 GeV,

the ratio of diffractive to non-diffractive W production was measured to be
Ry = [1.15 £ 0.51(stat.) = 0.20(syst.)] %,

for £ < 0.1.

Diffractive Dijet Production
CDF made a search for diffractively produced dijets at /s = 1800GeV: p+p — p

!This measurement contains not only the hard but also soft kinematic regime. So it should be

referred to as inclusive diffraction.
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or p+ jetl + jet2 + X [17]. For events with forward dijets with E%et > 20 GeV and
1.8 < |n| < 3.5, the ratio of diffractive to non-diffractive dijet production was obtained
to be

R;; =10.75 £ 0.05(stat.) £ 0.09(syst.)] %,

for £ < 0.1.

Diffractive Beauty Quark Production

CDF extended the study of hard single diffraction to the beauty (b) quark production.
The process in which the diffractively produced b quark decays into a high p; electron:
p+p—porp+b+ X followed by b — e+ X', was measured [18, 19]. For a sample
of high E7 central electron events with an electron 9.5 < Ef < 20 GeV and |n°| < 1.1,

the ratio of diffractive to total beauty quark production was measured to be
Ry, =10.62 £ 0.19(stat.) £ 0.14(syst.)] %,

for £ < 0.1.

In general, diffractive W and dijet production are primarily sensitive to the quark
and quark/gluon contents of the pomeron ,respectively. This indicates that we can
estimate the fraction of the gluon (or quark) component in the pomeron by combining
the rates of diffractive W and dijet. Beauty quark production predominantly occurs
through gg — QQ so it is also a probe to the gluon content of the pomeron. We define
the discrepancy factor D by the ratio of measured to predicted diffractive rates as a
function of the gluon fraction of the pomeron f,. Figure 2.4 shows D for diffractive
W, dijets and beauty quark productions. The predicted rates were obtained using the
POMPYT Monte Carlo [56] with the Donnachie-Landshoff pomeron flux and a hard
structure of the pomeron. D = 1 means that the factorization holds good for the
pomeron flux. The bands for each measurement, CDF-W, CDF-DIJET and CDF-b,
correspond to +10 values of the measurements. The results of ZEUS measurements
for diffractive DIS and photoproduction rates [20] are also shown. Using the CDF

CDF — 0.541»0.16

three measurements, we obtained the gluon fraction f, o012 and Depp =

9

15



o —_
oo - N

D (MEASURED / PREDICTED)

e
e}

0.4

0.2

0 b b b b b b b b P
0 01 02 03 04 05 06 07 08 09 1

GLUON FRACTION IN POMERON

Figure 2.4: The ratio of measured to predicted diffractive rates, D, versus the gluon
fraction of the pomeron, f,. The predicted rates were obtained using the POMPYT
with the Donnachie-Landshoff pomeron flux and a hard structure of the pomeron. The
CDF-W curves were calculated assuming three flavor quarks for the pomeron. A least
square two-parameter fit result to the three CDF measurements is shown as the black
cross of the best fit and shaded ellipse of 1o contour.

0.19 £ 0.04 [18]. In the estimation of fgCDF and Dgpp, a least square two-parameter
fit was done for the three CDF results, and the best fit and 1o contour is shown as the
black cross and shaded ellipse in the figure. The range of fgCDF is in agreement with the
ZEUS measurement 0.3 < f, < 0.8, but the value of D¢pp is much smaller than the
ZEUS result. This significant discrepancy between the CDF and ZEUS measurements
indicates that the factorization is not valid at the Tevatron.

The Renormalized Pomeron Flux model successfully describes this rate discrepancy
between the HERA and the Tevatron. Assuming that the rapidity gap probability
(equivalent to the flux £ distribution) scales to the total gap probability (equivalent to

the flux ¢ distribution integrated over all available phase space), the ratio of scaling
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factors (corresponding to N(s) in Eq. (2.8)) at HERA to the Tevatron is obtained
to be 0.19 [11]. This is in excellent agreement with the measured rate discrepancy
Depr = 0.19 £0.04 [18]. This scaling of the rapidity gap probability is equivalent to

the renormalization of the pomeron flux factor [11, 12, 13].

Diffractive Dijet Production with a Tagged Leading Antiproton

New CDF results on hard diffractive dijets were obtained using a technique of tagging a
forward antiproton scattered in diffractive interactions at /s = 1800 GeV and 630 GeV
(64, 65]. In diffractive events with a leading antiproton with 0.035 < £ < 0.095 and
|t| < 1.0 GeV?, the production of dijets with E; > 7 GeV was observed.

One of the most interesting results from the above measurements is a measurement
of the diffractive structure function of the antiproton. In the hard diffraction model
proposed by Ingelman and Schlein [6], the diffractive dijet production cross section
is given by Eqgs. (2.9) and (2.10). The term in brackets of Eq. (2.9) represents the
pomeron flux factor fp/;(xp, t). We denote the momentum fractions of the interacting
partons p; and p, in the proton and pomeron by z and 3, and the diffractive dijet
production cross section is then written as

5
oy

dé(ik — j7)
d¢ dt dz d di

2 (2416
7 (2.16)

= frp(&, t) prl/p ) foryp (B, Q°)

where the momentum fraction of the pomeron to the antiproton is denoted by £ instead

of zp. By defining the diffractive structure function Fpi/ﬁ(f, t, 3, @*) of the antiproton

as
pk/p(é-a t ﬁ: Q ) = flP/ﬁ(é-a t) ’ fpk/IP(ﬁa Q2)7 (217)
Eq. (2.16) is written as
d°oll, _ 2\ D o do(ik — jj)
m — lZ,k:fpi/p(x, Q ) : Fpk/ﬁ(é-a ta 67 Q ) ' T (218)

In Eq. (2.17) the diffractive structure function is written as the product of fp/;(£, t)

and fp, /0 (05, Q?%). This property is called the factorization in the diffractive structure
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Figure 2.5: The integrated diffractive structure function Ff;(ﬂ) (= Fp’i/ﬁ(ﬂ)) of the

antiproton as a function of 3, compared with expectations (dashed and dotted lines)
from the parton densities of the proton measured in diffractive deep inelastic scattering
by H1 Collaboration. The solid line represents a fit to the data of the form " in the
range (107°/¢) < § < 0.5. The shaded band surrounding the data points shows the
systematic uncertainties of Fjl])- () obtained from different number of jets included in
[ evaluation.

function. In the experiment of [64], the diffractive structure function of the antiproton

integrated over the &, ¢t and Q%

Eu(®) = [ ag [ de [ @ fuple. ) 5. @) (2.19)

was measured for the kinematical range 0.035 < & < 0.095, |t| < 1.0 GeV? and EJ" >
7GeV. The measured Fpi/ﬁ(ﬁ) distribution is shown in Figure 2.5. The fit to the data
of the form B(£/0.1)™" in the range (1073/&,:,) < B < 0.5 gives B = 1.15 £ 0.01
and n = 1.09 & 0.01 with x?/d.o.f. = 2.2 (the systematic uncertainty in B is £0.29).
The measured Fplz /p(ﬂ) differs in both shape and normalization from expectations of

parton densities based on H1 measurements [21] of diffractive deep inelastic scattering.

This discrepancy is interpreted as a breakdown of factorization.
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Figure 2.6: Diagrams for DPE cross section in pp collisions.

2.3 Double Pomeron Exchange

The DPE process in pp collisions is formulated as “doubly occurring single diffraction
for both the p and p sides” based on factorization, so the DPE diagram is expressed
as shown in Figure 2.6. The DPE cross section is therefore obtained in terms of the

total and single diffraction cross sections as follows,

d'opp _ 1 doyp d*ofp (2.20)
d&y d€s dty dty off d& dty d&,dty '
1 _
= fep(&i, th) fiegp(&as th) Ujl?p(slla ty) Uql?p(slza ty) (2.21)
T
(Ule)Z sl sh\ ¢
= inp fJP/p(fh t1) fzp/p(€2; t2) 1—,2 . (2-22)
o 5 8p
In this derivation we use aépp = U(I)Pﬁ and assume s, = s because the energy scale

should be process independent for a universal pomeron. What is of importance in
this expression is the flux factor dependence of DPE cross section. From the form of
Eq. (2.22), we expect that the DPE cross section at the Tevatron will be a factor D%,
lower than the standard Donnachie-Landshoff flux predictions because the flux factor
dependence of DPE event is doubly increased, compared to (single) hard diffraction

where the discrepancy of Dgspy is observed.

The first experimental evidence for Double Pomeron Exchange was obtained in
proton-proton interactions at the CERN Intersecting Storage Rings (ISR) [23]. The
process p+p — p + p+ X was studied in the kinematical range where the reaction

mechanism is expected to be dominated by DPE. In particular, the exclusive reaction
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p+p—p+p+at 4+ with 0.01 < |t| <0.06GeV? and 2 > 0.95 at /5 = 63GeV
was investigated in detail [24], and used for a glueball search, because glueballs may
be produced by this reaction if the pomeron has a dominant gluonic structure at low
Q.

However, from the point of view of multi-particle production and high pr processes,
it is of interest to study this reaction at higher /s energies. The mass M of a system
X is given by

M? = s(1 — zp1)(1 — xp), (2.23)

so that the cluster mass at the ISR is only around 3 GeV even at the maximum c.m.
energy of /s = 63 GeV for z > 0.95 where the pomeron exchange is dominant.

At the CERN pp collider with /s = 630 GeV where the cluster mass reaches about
30 GeV for xp > 0.95, Double Pomeron Exchange process was studied using the UA1
detector [3]. In this experiment, a calorimeter trigger was used to select events in
which a central cluster was separated from the outgoing proton and antiproton by
large rapidity gaps. The requirement that an energy deposition in the forward region
3 < |n| < 6 is consistent with zero was used to select events with rapidity gaps on both
sides. In addition, an energy deposition above a low threshold in the central calorimeter
was required. In a sample of obtained 33,000 events after event reconstruction and
background removal, they observed events with jets with Ej > 10 GeV. However, it
was not conclusively demonstrated that the observed events were real DPE events,
despite of requiring the rapidity gaps for both sides in the trigger. The mass M of a
central cluster which they observed covers the range 10 < M < 70GeV, so that the
high mass data would have large non-DPE background. Furthermore, their calorimeter
triggers would bias the accepted events towards higher mass and higher central activity
than unbiased and pure DPE events.

The UAS collaboration also reported a measurement of Double Pomeron Exchange
at the CERN pp collider with the same c.m. energy [25]. Using the UA2 detector and

the forward spectrometers which measured the recoil p and p in the region 1 < |t| <
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2 GeV?, they obtained the events being consistent with the Double Pomeron Exchange
process. In their analysis, the presence of jets was not explicitly required. The average
mass of the clusters in triggered events was about 3 GeV, and they gave a preliminary

estimate of a cross section for this process to be 30-150 ub.

In the CDF experiment described in this thesis, we tagged a diffractively scattered
antiproton with the forward spectrometer, and required the presence of 2 or more jets
with Ep > 7GeV. We then required a rapidity gap on the outgoing proton side to

select DPE dijet production events.
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Chapter 3

Experimental Setup

The Tevatron of Fermi National Accelerator Laboratory (FNAL or Fermilab), which is
the most powerful accelerator in the world, can accelerate the protons and antiprotons
up to 900 GeV. The resulting center of mass energy in proton-antiproton collisions
is 1.8 TeV. The accelerator complex of the Tevatron is described in Section 3.1. In
addition to the accelerator, the detector which measures the particles from the in-
teraction region is also essential for particle physics. The main experimental facility
of this study is the detector named “the Collider Detector at Fermilab (CDF)”. The
CDF detector has been described in detail elsewhere [26, 27]. In Section 3.2 the CDF
detector components that play important roles in diffractive physics are described. In

addition, the new detectors installed and used in this experiment are also explained.

3.1 The Tevatron Accelerator Complex

The Tevatron is the superconducting synchrotron which has the ability of accelerating
the protons and antiprotons up to the energy of 900 GeV. The 1.8 TeV center of mass
energy in pp collisions is the highest energy for all the accelerators in the world.

The collision at the CDF occurs after a sequence of accelerations for the protons
and antiprotons [28]. Figure 3.1 shows the flow of the acceleration processes for the

protons and antiprotons in the Tevatron accelerator complex at Fermilab. Creation of
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Figure 3.1: Accelerator complex in Fermilab.

the proton beam starts from the hydrogen gas. Passing the gas through the Magnetron
which consists of an oval-shaped cathode surrounded by an anode, the negatively
charged hydrogen ions are produced. Produced hydrogen ions are extracted through
an anode, then accelerated in the Cockcroft-Walton pre-accelerator up to the energy
of 750 KeV and passed through a linear accelerator called the Linac.

The Linac is a linear accelerator in which the negative hydrogen ions are acceler-
ated up to 400 MeV. The Linac system includes a 116 MeV drift-tube (Alvarez) linac
operating at 201.25 MHz for RF frequency, and a 400 MeV side-coupled cavity linac
operating at 805 MHz. The hydrogen ions are then transferred to the Booster from the
Linac. The Booster is a rapid cycling proton synchrotron, which raises the energy of
protons up to 8 GeV. The transferred ions into the Booster are merged with any pro-
tons already in the Booster, then are passed through a carbon foil which removes the
two electrons. The protons after stripped off the electrons are stored and accelerated

in the Booster.
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The Main Ring is a proton synchrotron with the circumference of about 6 km.
During the operation with colliding beams, the Main Ring functions: 1) as a 150 GeV
accelerator of the protons and antiprotons and an injector to the Tevatron, and 2)
as a 120 GeV proton source used to produce the antiprotons. The protons injected
from the Booster and the antiprotons from the Accumulator (described below) at
8 GeV energy are accelerated to 150 GeV, and the several bunches are combined into
one to maximize the number of protons (~ 10 x 10'%) or antiprotons (~ 5 x 10')
in a beam bunch. The antiprotons are produced in a system of fixed target, the
Debuncher and the Accumulator. Extracting 120 GeV protons from the Main Ring,
then colliding them with a fixed target (Nickel plate), a lot of secondary particles
with positive or negative charge are produced over a wide range of the momentum.
From the secondaries, negatively charged particles with about 8 GeV momentum are
collected in the Debuncher. Then, the collected antiprotons are cooled down so as
to store in the Accumulator for later use in the Tevatron. About one antiproton is
produced for every striking of 10° protons to the target. This process continues until
sufficient antiprotons are stored for later injection into the Main Ring. About 5 x 101°
antiprotons are made per hour. As mentioned above, the antiprotons injected into the
Main Ring from the Accumulator are accelerated to 150 GeV.

The Tevatron is a proton-antiproton superconducting synchrotron which acceler-
ates the protons and antiprotons to 900 GeV energy. For Run 1, the Tevatron was
operated with counter-circulating six bunches of the protons and six bunches of the
antiprotons. The bunch crossing frequency during six bunch operation was about
286 kHz. The number of possible collision points at the Tevatron is six at the maxi-
mum, and they are called A0, BO, ..., FO. The CDF detector is at B0, and the other
collider detector is at DO (The DO detector). These two detectors are multi-purpose
collider detectors designed to study the high energy proton-antiproton interactions at

the Tevatron.
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3.2 The CDF Detector

A schematic drawing of the major detector components is shown in Figure 3.2. As seen
in the figure, the CDF detector is a forward-backward and azimuthally symmetrical

detector surrounding the interaction point of the protons and antiprotons [27].

3.2.1 CDF Coordinate System

Before describing the overview of the CDF detector, it is worth showing the coordinate
system used in CDF. CDF uses basically the right-handed Cartesian coordinate system
given by (x, y, z). The origin is at the center of the detector and it is also nominally
the interaction point in pp collisions. The beam axis is taken as the z axis, and
the proton direction is regarded as positive z direction. The z (y) axis is defined
as the direction pointing horizontally outwards (vertically upward). Also, note that
a positive z direction (proton direction) is called “East” which is frequently used in
the thesis. Accordingly the negative z direction is called “West”. In addition to this
coordinate system, the cylindrical coordinate system (7, 6, ¢) is often used to describe
the detectors and the characteristics of the particles nominally produced from the
origin. The distance, r, is measured from the z axis. The polar angle, 6, is defined as
the angle measured from the positive z axis, and the azimuthal angle, ¢, is measured
anti-clockwise from the positive x axis. The coordinate system used in CDF is shown

in the inset of Figure 3.3.

3.2.2 Physical Quantities in Collider Physics

Rapidity y and Pseudorapidity n
In a collider physics, the quantity called rapidity, vy, is frequently used instead of the

polar angle. The rapidity of the particle is defined as

o= () o
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The particle density in rapidity space, dN/dy, is invariant under the Lorenz boost
along the z axis because the rapidity transforms as y — y + tanh™ 3 where 8 = p/E
and p and E are the momentum and energy of the particle. For relativistic particles

(i.e., p > mc), the rapidity is well approximated by the pseudorapidity, n, given by

—0 o2

The pseudorapidity is also approximately invariant under the Lorentz boost in the
case p > mc. An obvious advantage of using a pseudorapidity rather than a rapidity
is that it can be defined to the particle whose mass is unknown, and it allows us to
measure the direction of the particle using the detector.

In the analysis of experimental data, we often use the two forms of pseudorapidity:
1) the detector n and 2) the event n. The former is measured from the center of the
detector (nominal pp interaction point), and the latter is measured from the actual
pp interaction point along the z axis for every event. The z position of pp collisions
(called Z,eptep) does not exactly match with z = 0, but it is well approximated by
the Gaussian distribution with o, ~ 30 cm because the beam bunches have a similar

Gaussian longitudinal profile of 30 cm.

Transverse Energy Er
The transverse energy, Ey, with respect to the incident beam direction is important
because it is not only a Lorentz invariant quantity but also a measure for the hardness

of the interaction. It is defined as
Er = E sin, (3.3)

where E is the energy of the cluster or the particle, and € is the polar angle of the
energy center of the cluster (particle). The transverse momentum, prp, is also defined
as the similar form : p; = psinf. Both quantities can be defined for the tracks
or the jets (energy clusters), but the Ep for the clusters is usually measured by the
calorimeter while the pr for the charged tracks is measured by the tracking detector

surrounded by the calorimeter in CDF.

26



Missing Transverse Energy Fr

In pp collisions we expect that a large fraction of the longitudinal momentum escapes
outside the detector coverage towards the forward regions. This would lead to an
imbalance of the longitudinal momentum when summing up all the momenta of the
particles observed in the detector. However, the transverse momentum and energy
should balance if we observe all the particles by the detector. An imbalance of the
transverse energy indicates that a portion of the particles escapes out of the detector
through the uninstrumented area (“cracks”). Several particles such as neutrinos or
muons, hardly leave the trace in the calorimeter, therefore they could also become
the source of the imbalance. The missing transverse energy which is a measure of
the imbalance is defined as the transverse counter-vector for the sum of all visible

transverse energy measured within the calorimeter:
i

In the analysis, we require that the Fp is not significantly large for every event in
order to ensure that the imbalance coming from the detector cracks or the noises is

small.

3.2.3 CDF Detector Overview

The CDF detector is shown in Figure 3.2 for three dimensional view, and in Figure 3.3
for the cross section view of a quarter section. The basic design goal for the CDF
detector is to measure the energy and momentum of the particles, and identify (where
possible) them produced in pp collisions at the Tevatron, for as a wide solid angle as
possible around the interaction region. For this purpose, the detector was designed
to surround the interaction region by the detector layers and the subsystems each
of which has a particular task (A detector with 47 coverage, called Full Acceptance
Detector, is an ideal detector).

From the most inner region, close to the pp collisions, a beam pipe made up of
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Figure 3.2: An isometric view of the main CDF detector components.
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Figure 3.3: A quarter view of the cross section of the CDF detector.
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Be, tracking chambers, magnet, calorimetries, muon detectors are equipped. The
tracking chambers for charged particles should be minimized in volume of the material
to reduce the multiple interaction which becomes possible background source for the
detectors behind them. A superconducting magnet surrounding the tracking detectors
gives a magnetic field, which enables us to measure the charge and momentum of
the particles. The calorimeters which are behind the tracking chambers are used to
measure the energy of both charged and neutral particles which make the showers in
a large mass volume of the calorimeter and deposit their energies. A “jet” (a bulk
of the particles traveling to the same direction) is measured using the calorimeter by
making an energy cluster from the energies deposited in the calorimeter towers. So as
to measure the energy flow in uniform pseudorapidity and azimuthal angle bins, the
calorimeter tower has a projective geometry pointing the nominal interaction point.
The muon chambers outside the calorimeters detect the muons which can easily pass
the calorimeters without leaving any trace.

In the analysis, the calorimeter plays an important role. It is essential for the
search for the rapidity gap signal in events, jet reconstruction and the measurement
of the total system produced in Double Pomeron Exchange event. One of the tracking
chambers, vertex detector (VTX), is also used to get the vertex from the pp collisions.
Another important detector to search for a forward rapidity gap is a Beam-Beam
Counter. It is a scintillator hodoscope placed in front of the forward calorimeter.

Descriptions of these detectors which are relevant in the analysis are given below.

3.2.4 Vertex Detector

The Vertex Detector (VTX) [29] is a gas drift chamber surrounding the Silicon Vertex
Detector (SVX) along the beam axis. The VIX has an outer radius of 22 cm and the
pseudorapidity coverage of the VIX is || < 3.5. A longitudinal view of the VTX is
shown in an event display of Figure 3.4. As seen in the figure, the VI'X consists of

28 modules attached end-to-end along the z axis. Each module is divided into two
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Figure 3.4: A longitudinal view of the VIX on an event display. The beam line
passes horizontally through the center of the picture. The crosses along the center line
represent the vertices found by the VTX. The cross with the bars at the ends shows a
primary vertex with the highest multiplicity of the track. Numbers on top and bottom
of the VTX (-3:3) are the event pseudorapidities measured to the position of a primary
vertex.

drift regions by a central high voltage grid. In azimuth a module is segmented into
8 wedges, each of which has the coverage of 45°. For each wedge, 24 pairs of sense
wires are arranged azimuthally for the 10 end modules (bigger ones), and 16 pairs are
arranged azimuthally for the 18 inner modules (smaller ones). Main functions of the
VTX are to provide precise tracking information for charged particles in the -z plane,
and to measure the vertex position along the 2z axis. It is also used to find the seed
for the three dimensional reconstruction of the track in the Central Tracking Chamber
(CTC). The VTX has been designed for the amount of a material to be minimized to

reduce secondary interactions causing the background, such as the photon conversion

electrons (y — ete™).
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3.2.5 Calorimetry

The CDF calorimetry is split into electromagnetic (EM) and hadronic (HAD) com-
ponents, and furthermore it is partitioned into four detector regions defined by the
pseudorapidity coverage : the central EM and HAD (|n| <~ 1.0), the End-Wall HAD
(0.7 < |n| < 1.3), the Plug EM and HAD (~ 1.2 < |5| < 2.4), and the Forward EM
and HAD (~ 2.2 < |n| < 4.2) calorimeters [27]. They are often abbreviated to CEM,
CHA for the central, WHA for the End-Wall, PEM, PHA for the plug, and FEM, FHA
for the forward calorimeters. The CEM contains a central strip chamber (CES) which
measures the transverse shower profile at the depth where the longitudinal shower de-
velopment becomes maximum on average. These calorimeter components except the
CES are summarized in Table 3.1 for the pseudorapidity coverage, energy and position
resolutions, and the thickness.

All the CDF calorimeters are sampling calorimeters with the absorber (lead or steel)
interleaved with the layers of active media. The central and plug/forward calorimeters
use the different active media (described later). All the calorimeters use a ”tower”
geometry with the approximately constant segmentation for the pseudorapidity and
azimuthal angle. The tower structure is projective, i.e., each tower points back to
the center of the detector. Each tower has an electromagnetic shower counter in
front of a corresponding hadronic calorimeter, so that the comparison between EM
and hadronic energy depositions on a tower-by-tower basis enables us to identify the
electrons, photons and hadrons. In addition, the electromagnetic shower counters have
a precise spatial resolution of about 2mm over the entire solid angle coverage.

The tower segmentation and the coverage of the calorimeters in one of eight iden-
tical 7 — ¢ quadrants (n > 0, 0° < ¢ < 90°) is shown in Figure 3.5. The size (1 x ¢) of
each tower is 0.1(n) x 15°(¢) in the central /wall calorimeters, and 0.1(n) x 5°(¢) in the
plug/forward calorimeters. Therefore, the physical size of a tower ranges from about
24cm (1) x 46cm (¢) in the central region to 1.8cm (1) x 1.8cm (¢) in the forward

region.
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Table 3.1: A summary of the CDF calorimeter information. The symbol & means that
the energy dependent term and the constant systematic term are added in quadrature.
E7 is in units of GeV. Thickness of each calorimeter component is given in units of X
(radiation length) for the EM calorimeters, and A\, (interaction length) for the Hadron
calorimeters.

| Energy Resol. Position Resol. Thickness
coverage o/E [cm?]

Central

EM 0-1.1|135%/VEr®1.7% 0.2 x 0.2 18 X,

HAD| 0-0.9 75%/VEr ©3% 10x 5 4.5\
End-Wall

HAD [0.7-13] 75%/VE; 3% 10x 5 4.5\
Plug

EM [1.1-24 28%/VEr ©2% 0.2 x 0.2 18 — 23 X,
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Figure 3.5: Projective tower structure of the calorimeter. Gray towers have only
partial depth coverage due to overlapped low beta quadrapoles. Black towers around
¢ = 45° have no coverage.
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Central Electromagnetic Calorimeter (CEM)
The electromagnetic part of the central calorimeter, Central Electromagnetic Calorime-
ter (CEM) [30], has the coverage of |n| < 1.1 in pseudorapidity and full 27 coverage in
azimuth (all the calorimeters basically have full coverage in ¢, so only the 7 coverage
is given for the following calorimeters). The size of a tower is 0.1(7)x15°(¢). The geo-
metrical inner (outer) radius of the CEM is 173 ¢cm (208 cm), and the thickness is 18
radiation lengths. The CEM consists of 31 layers each of which has 3.2 mm thick lead
absorber interleaved with 5mm thick polystyrene scintillator plate. Through the two
wavelength shifters per tower, the scintillation light is directed to the photomultiplier
tubes.

The energy resolution of the CEM was obtained using the test beams of electrons.

By changing the electron energy from 10 to 100 GeV, it was estimated to be

o(E)  13.5%
E ~ VB @ 2%,

where Ey is in units of GeV and the symbol & means that the two terms are added in

quadrature. Initially the towers of the CEM were calibrated with 50 GeV electrons.

Central and End-Wall Hadron Calorimeter (CHA)

The Central Hadron Calorimeter (CHA) and End-Wall Hadron Calorimeter (WHA)
[31] are the calorimeters for the hadronic particles such as charged pions, kaons. The
pseudorapidity coverage is |n| < 0.9 for the CHA and 0.7 < |n| < 1.3 for the WHA.
The size of a CHA or WHA tower is the same as the CEM tower, 0.1(n)x15°(¢), so
that the first 9 towers are in the CHA, the intermediate 3 towers are shared with the
CHA and WHA, and the last 3 towers are completely in the WHA. The CHA has 32
layers of 2.5 cm think steel absorber interleaved with 1.0 cm thick plastic scintillator.
The WHA also has the similar structure: 15 layers of 5.0cm thick steel absorber
alternating with 1.0 cm thick plastic scintillator. The depth is 4.5 interaction lengths
for both calorimeters.

Energy responses of the CHA and WHA were investigated with the beam of charged
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pions. For the energy range 10 — 150 GeV of the pion beams, the energy resolution of
the CHA was obtained to be
o(E 5%
E) _ D% 4 59
E VEr

It was found that the WHA also has the similar energy resolutions to the CHA.

Plug Electromagnetic Calorimeter (PEM)

The calorimeters which fit into the 30° holes like end caps, are called the plug calorime-
ters. As the central calorimeter, the plug calorimeter consists of the Plug Electromag-
netic Calorimeter (PEM) [32] and the Plug Hadron Calorimeter (PHA) [33]. The cov-
erage of the PEM is 1.1 < |n| < 2.4 in pseudorapidity, corresponding to 36° > 6 > 10°
in polar angle measured from the detector center. The PEM uses the gas proportional
tubes (50 %-50 % mixture of argon-ethane with a small addition of the alcohol) as the
active medium, interleaved with lead absorber. A quadrant with the azimuthal angle
of 90° contains 34 layers of proportional tube arrays alternating with 2.7mm think
lead absorber layers. The PEM is segmented into 16 projective towers in 7 and the
size in 7 is approximately 0.1 (although a few towers have small segmentation like
0.05). The full azimuth is segmented into 72 towers each of which has 5° in ¢. Each
tower has 3 segmentations in depth: the first 5 layers for the first, intermediate 20
layers for the second, and the last 5 layers for the third segments. The geometrical
size of the PEM is 2.5 m in diameter and 50 cm in longitudinal depth. The path length
from the center of the detector is about 18 — 23 radiation lengths depending on the
polar angle.

The energy resolution was estimated with 20 — 200 GeV electron beams to be

o(B) _ 8%

E VEr

All the towers of the PEM were calibrated with 100 GeV electrons.

Plug Hadron Calorimeter (PHA)
The PHA [33] has the coverage of 1.3 < |n| < 2.4 in pseudorapidity. The PHA is also
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a gas calorimeter that consists of a sandwich of the gas tubes (active media) and the
steel (absorber). We should note that the PHA is not continuously connected with
the WHA, i.e., there is a “crack” at the interface of the PHA and WHA. The PHA
consists of 20 layers of proportional gas tube arrays interleaved with 5.0 cm thick steel
absorber. Each tower has the same segmentation, 0.1(n)x5°(¢), as the PEM.

The charged pions were used in the calibration of the PHA. By changing the energy

from 20 to 230 GeV, the energy resolution was measured to be

o(E)  130%
E ~ VB @ 4%.

The energy response was found to be linear within the above range.

Forward Electromagnetic Calorimeter (FEM)
The forward and backward regions with the small polar angle are covered by the
Forward Electromagnetic Calorimeter (FEM) [34] followed by the Forward Hadron
Calorimeter (FHA) [35]. The FEM has the coverage 2.2 < |n| < 4.2 in pseudorapidity,
or 12° > # > 2° in polar angle. Note that there is a crack between the plug and
forward calorimeters in pseudorapidity, but the azimuthal direction is basically fully
covered. The FEM is a sampling calorimeter with 30 layers of gas proportional tubes
interleaved with 4.8 mm thick absorber made up of 96 % lead and 6 % antimony (Sb).
The projective tower has two segmentations in depth, each of which has the thickness
of 15 layers. The 7 segmentation of the FEM is 20 and each tower has the size
of 0.1 in n except for the first tower with 0.03. The azimuthal segmentation is the
same as the Plug calorimeters, 5° in ¢. The FEM is located about 6.5m from the
nominal interaction point along the z axis and has the longitudinal depth of 1m
which approximately corresponds to 25 radiation lengths.

Calibrating the individual towers in the FEM with 20 — 200 GeV electron beams,

the energy resolution was estimated to be

o(E)  25%
o —\/E_,TEBZ%.
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The linearity of the response to the incident energy was also obtained for the range

20 — 160 GeV.

Forward Hadron Calorimeter (FHA)
The FHA [35] is a calorimeter which measures the hadronic energy, placed behind the
FEM in the small angle region. The coverage is 2.3 < |n| < 4.2 in pseudorapidity,
which corresponds to 11° > 6 > 2° in polar angle. The FHA on one side is segmented
into four 90° sections around the beam pipe as the FEM. A quarter section consists of
27 steel absorber and alternating 27 ionization chambers with cathode pad readout.
The projective tower structure is same as the FEM, 0.1(n)x5°(¢), so a quadrant is
segmented into 19 n bins, each of which has 18 ¢ bins.

The FHA was also calibrated with the pion beams. By varying the energy from 20
to 200 GeV, the energy resolution was measured to be

o(E)  130%
E = VB @ 4%.

Good linearity was also observed up to 200 GeV.

We must search for a signal of Double Pomeron Exchange without any tagging
devices for the recoil proton. The recoil antiproton is measured by the Roman Pots,
so in this case the tagging of a rapidity gap on the proton side is essential. The
forward calorimeters are used for this purpose, together with the Beam-Beam Counters

described below.

3.2.6 Beam-Beam Counter

The Beam-Beam Counter (BBC) is a plane of 16 scintillation counters in both the
east and west directions (32 scintillators in total). They provide the “minimum-bias”
trigger and are also used as the primary luminosity monitor [27]. These scintillators are
arranged in a rectangle around the beam pipe as shown in Figure 3.6. They cover the
angular region from 0.32° to 4.47° measured along the beam direction, corresponding

to the range of pseudo-rapidity of 5.90 > n > 3.24. Excellent timing properties (o <
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Figure 3.6: A front view of one of the Beam-Beam Counters (BBC). The beam pipe
passes the center of the BBC. The shaded parts show the photomultiplier tubes for
read out.
200 ps) of these counters provide the best measurement of the time of the interaction.
As shown in Figure 3.6, two photomultiplier tubes (PMTs) are used to read out each
scintillation counter. Note that the counters overlap in some regions so that a single
particle can give one or two hits and these counters are not ideal multiplicity counters.
In the “minimum-bias” trigger, one BBC hit corresponds to both tubes greater than
threshold within a 15 nsec timing window of the beam crossing. A coincidence of both
east and west counters with at least one BBC hit defines a minimum-bias event. Note
that diffractive events will not be efficiently accepted by the minimum-bias trigger.
As the luminosity monitor, the BBC can provide the instantaneous (integrated)
luminosity by measuring the rate (number) of the coincidences in the counters, divided
by the effective BBC cross section. From the CDF measurement of the total, elastic

and single diffractive cross sections at /s = 1.8 TeV [36, 37, 38], and CDF Run 1A
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data analysis, we obtain the following effective BBC cross section [39, 40, 41]:
oppe = 51.15 £ 1.60mb. (3.5)

In the study of hard diffraction, the BBC is an important tool as well as the
forward calorimeters which cover the forward regions. We use the BBC and forward

calorimeters as “Gap Detectors” in a search for Double Pomeron Exchange events.

3.3 New CDF Detectors for Hard Diffraction

After the collider operation of Run 1, the CDF detector was instrumented with two
new detectors [42]. One of them is a pair of two small calorimeters covering the 2° holes
of the forward calorimeters and it is called the Microplug calorimeter. This device was
developed to increase the pseudorapidity coverage (|n| < 4.2) of the calorimeters by a
unit of pseudorapidity (up to about 5.0). The other is a set of three forward antiproton
spectrometers installed in the chambers with the Roman Pot structure (simply often
called the Roman Pot in the following). We can observe a recoil antiproton in the
diffractive scattering using the Roman Pots since they were attached along the beam
on the antiproton direction (west). This is because an opening space for setting up
the Roman Pots is restricted by the Tevatron lattice and it was found only for the
west side, about 56 m away from the interaction point.

The Roman Pot was intended to give the trigger for the diffractive data. A tagging
of the recoil antiproton by the Roman Pot would give a trigger for inclusive diffractive
scattering events in pp collisions. We can measure the forward energy flow at n > 4.2
using the Microplugs, but it is also possible to use them as the trigger devices. If
we require the Microplug calorimeter response to be low below threshold (“veto”),
diffractive events with the rapidity gaps over the Microplug coverage can be obtained.
In the analysis, the former (called diffractive trigger) is used. A special trigger, an
application of the latter, was used during a certain period of Run 1C. This trigger

required both the east and west Microplugs in veto, so it was called DPE trigger.
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3.3.1 Microplug Calorimeter

The Microplug calorimeter has been constructed to extend the rapidity coverage of
the forward calorimeters in the CDF, and it was installed in an open space between
the forward EM calorimeter and the beam pipe [42]. The coverage of the Microplug
is 4.5 < |n| < 5.5, and this is completely overlapped by the BBC. So, "a veto on
the Microplug” would be similar to ”a veto on the BBC”, but the former is better
for claiming the real rapidity gap on typical energy scale of hadrons (~a few GeV)
because the BBC counts even low energy particles which come not only from the
primary interaction, but also from the secondary or higher interactions in the CDF
detector.

The Microplug calorimeter is a sampling calorimeter with the octagonal cylinder
structure with 56 cm in longitudinal length, 5.7cm (13.8 cm) in inner (outer) radius.
A schematic view of the Microplug is shown in Figure 3.7. The structure of the Mi-
croplug is similar to the plug upgrade electromagnetic calorimeter for Run II [43] : 12
layers of 1cm thick lead absorber interleaved with scintillating tiles with wavelength
shifting fibers. The Microplug has eight ¢ segments which are read out by the photo-
multiplier tubes. The longitudinal depth is about 22 X in radiation length and 0.7 A,
in attenuation length.

The test module with four ¢ segments was calibrated with the test beam [44]. The

energy resolution for the electron was estimated to be

o(E) 22.5%
= 0.2
5 75 @ 0.2%,

which is almost comparable with that of the PEM or FEM. The calorimeter response

was linear at the level of 1% for the electrons from 30 to 150 GeV. Muons were detected

with close to 100 % efficiency, as for the energetic electrons and photons.
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Figure 3.7: A schematic drawing of the Microplug calorimeter.

3.3.2 Forward Antiproton Spectrometer

Diffractive scattering in proton-antiproton collisions is characterized by a recoil an-
tiproton (or proton) with momentum greater than 90 % to 95 % of the incident an-
tiproton (proton) beam. This recoil antiproton with slightly lower momentum gets
bent into the accelerator ring when passing through the magnetic field of the accelera-
tor dipole magnets, but stays inside the beam pipe. (Here the case that the antiproton
remains intact and the proton dissociates is discussed because this is the case for our
study.) Therefore, by inserting a tracking detector inside the beam pipe at a suitable
position, we can detect a recoil antiproton and measure its position and angle. This
measurement allows us to estimate the momentum of the recoil antiproton, hence the
Feynman variable z, = Pk,/PL where PL(out> is the longitudinal momentum of the

m

initial (recoil) antiproton. Also, we obtain the variable £ from the relation { =1 —xp.
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We can measure the momentum transfer squared ¢ at the antiproton vertex, defined as

t = (PL, — P?)? where P’

L in(our) 1S the four momentum of the initial (final) antiproton.

These measurements using the forward tracking detectors have some clear advantages
against the rapidity gap technique in which the ¢ is unknown and only the & can be
measured with some ambiguity.

The insertion of the tracking detectors close to the beam can be done by using the
“Roman Pots” [42]. The spectrometers are placed close or away the beam according
to the beam condition by using the bellows. In addition, it is motivated by the
diffractive regime of interest: e.g., high (low) £ data can be obtained by positioning

the spectrometers far (close) the beam.

Overview of the Roman Pot and Forward Spectrometer

The Roman Pots were mounted on the “spool piece”, 56.54 m away from the interaction
point (B0) to the west side. The structures of the Roman Pots and inside spectrometer
hodoscopes are shown in Figure 3.8. The total length of the Roman Pots including
the beam pipe is 266.54 cm, and the distance between the two pots is 98.5cm. The
arrangement of the Roman Pots for the CDF hard diffraction experiment is shown
schematically in Figure 3.9, together with the Microplug calorimeter, the detectors
with the forward coverage such as the Beam-Beam Counters (3.2 < |n| < 5.9) and
forward calorimeters (2.4 < |n| < 4.2). One should note that the size of each detector
is not scaled. As described below, the actual detection area of the spectrometer is
about 2cmx2cm.

One of the spectrometer hodoscopes installed inside the Roman Pots is shown in
Figure 3.10. The hodoscope is placed inside the vessel with 14.8 cm diameter and
the top of the hodoscope is covered by 0.4mm thick steel. Normal air occupies the
vessel. The vessel is attached to the vacuum chamber with 19.7 cm diameter through
the bellows. A recoil antiproton traveling towards the left hits the tracking detector

positioned at the top of the vessel. The tracking detector consists of the scintillator
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Figure 3.8: A top view drawing of the Roman Pots. The B0 interaction point is to the
right about 56 m away so that recoil p in the diffractive scattering travels from right
to left. In this arrangement the right pot is called Potl, middle one is Pot2 and left is
Pot3. The fiber tracker structure of the hodoscope is also shown.
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Components of Diffractive Analysis

IN
Roman-Pots: / 2m
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Figure 3.9: The arrangement of the Roman Pots, and the forward gap detectors in the
hard diffraction experiment at CDF.
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Figure 3.10: The fiber spectrometer hodoscope in the Roman Pot.

fiber arrays. Scintillation light from the hit fibers is passed to the MCPMT (multi-
channel photo multiplier), 80-channel HAMAMATSU H5828, placed at the bottom.
The scintillator (Bicron BC404) behind the tracking detector is 2.1 cm square and 8 mm
thick and provides a timing coincidence used in the diffractive trigger. Its scintillation
light is passed through the light guide to the trigger PMT, HAMAMATSU H3171-03,

placed at the bottom-left of the vessel.

Scintillating Fiber Tracker

The detecting part of the spectrometer is a fiber tracker which consists of 80 scintil-
lating fiber ribbons. As shown in Figure 3.8, the fiber array is split into two X and Y
detection layers. Each X or Y detector is made of two sub-layers and each sub-layer

contains 20 fiber ribbons.
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Figure 3.11: One ribbon of four scintillating fibers.

The structure of the fiber ribbon is shown in Figure 3.11. The fiber mater-
ial is KURARAY SCSF81 with single cladding, and one fiber is 20cm long and
0.833 mmx0.833 mm square. A scintillating core is 0.800 mmx0.800 mm square. One
ribbon is made of four such fibers. On the detecting side, the fibers are arranged in
line along the beam direction to increase the path length of the particle, while on the
MCPMT side the fibers are rearranged into a square to fit the anode shape of the
MCPMT.

The arrangement of the fiber ribbons is shown in Figure 3.12. 20 fiber ribbons make
one sub-layer, and the two sub-layers are placed parallel to each other with a spacing
of 0.267 mm corresponding to one third of the scintillating fiber core width. The spaces
between the ribbons are filled up with the aluminized mylar. The distance between
the centers of the two sub-layers is 8.5 mm. By using this fiber arrangement with one
third shifting, we expect three types of fiber hits: (a) a track hits the fibers of both
sub-layers, (b) a track hits a fiber of sub-layer named 1 and passes the space between
the ribbons of the other layer named 2, (¢) the opposite case of (b). The combination
of the fiber hit information on the three fiber trackers enables us to reconstruct the
pass of the track as shown in Figure 3.13. This figure shows the array of only the X
(or Y) detection layers (the size and distance are not scaled).

The geometry of the hodoscope fiber arrays at the operation mode is shown in
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Figure 3.12: The arrangement of the fiber ribbons for the X (or Y) detection layer.
(a) A track hits both the sub-layers. (b) A track hits a sub-layer 1 but not sub-layer
2. (c) the opposite case of (b).
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Figure 3.13: The track reconstructed from the hits of the fibers. Only the X (or Y)
detection layers are shown.
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Figure 3.14. Normally the p (p) beam bunches pass the location of the Roman Pot at
the outer (inner) position along the = direction with respect to the beam pipe center.
That is, the p beam is closer to the spectrometer than the p beam. Based on this,
the typical distance between the p beam orbit and the top of the spectrometer was
designed to be 1.0 cm. However, it turned out that the p and p beam were flip-flopped
with each other and the p was by 2.2mm distant from the beam pipe center during
this experiment. From this, we set the detector closer to the beam line by twice this
distance than the original position to keep the distance between the p beam and the
top of the detector designed.

In order from the detector top to the fiber, the following materials exist: the Roman
Pot wall (0.4 mm thick steel), air gap (0.3 mm), detector wall (0.7 mm thick aluminum),
the aluminized mylar (0.077 mm) and the acrylic clad (0.0167mm). Therefore, the
distance between the p beam and the edge of the first fiber was about 1.15cm. As
shown in the figure, the fiber ribbons were numbered as 1 to 40 along the directions
of the axes for both X and Y detectors (i.e., the fiber #40 of Y detector is at y =
0). From 40 fiber ribbons and above one third shifting, the total number of bins
is 79. Consequently the total number of effective bins which can be used for the
track reconstruction is 77 except the two edge bins, #1 and #79. This means that the
detection area of the spectrometer hodoscope is 2.05 cmx2.05 cm on XY plane. Also,
the effective range of the measurements of the x and y positions (i.e., the distances
between the nominal p orbit and the center of the first and last effective bins) is about

1.22 < z(cm) < 3.24 and —1.01 < y(cm) < 1.01, respectively.

3.4 Data Acquisition and Trigger System

In normal Tevatron operation with six beam bunches of the proton and antiproton,
the beam crossings occur every 3.5 us around the center of the CDF detector, that

corresponds to a rate of minimum bias events with about 285kHz. The maximum
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Figure 3.14: The geometry of the spectrometer hodoscope in the Roman Pot. The B0
interaction point is on the right side. The numbering scheme for the fibers (1-40) and
the bins (1-79) shown in the figure is adopted only to the X detector. The Y detector
uses the opposite order for numbering of the fibers (40-1) and the bins (79-1). The
two edge bins (1 and 79) are not used in the track reconstruction.
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rate of data storage media (8 mm tape for Run 1A or disk staged to tape for Run 1B
and 1C) allowed in CDF is an order of a few events per second. It therefore requires
the data taking system to select a few interesting events out of events with a few
hundred kHz.

Another important factor of the data acquisition (DAQ) system is to minimize the
deadtime where the event information is read out of the detector electronics. During
the deadtime, the trigger system can not make an access to a next new beam crossing.
Incorporating these requirements in the DAQ system, the CDF trigger has been con-
structed with the three levels in each of which a sophisticated online trigger system
is employed [45]. Examining the events and then sending the interesting events out
of them to the following level, more time can be used in the later level to investigate
the events in more detail. The Level 1 and Level 2 triggers are implemented with spe-
cially designed hardware, and the Level 3 trigger consists of the commercial computers

running software for event selection.

Level 1 Trigger

The Level 1 trigger decides to select or reject the event for every beam crossing with
3.5 ps, so it gives rise to no deadtime. The Level 1 reduces an event rate from a few
hundred kHz to a few kHz. In CDF the Level 1 is implemented on custom designed
hardware. The decision of Level 1 is based on calorimeter responses of electromagnetic,
hadronic and total transverse energy, the transverse energy imbalance, stiff tracks in
the central tracking chamber, etc. A coincidence of hits in both the BBCs is also used
in Level 1. In comparison of the calorimeter and muon detector readouts with trigger
thresholds, the analog fast-outs are used. In Level 1 (and Level 2) calorimeter trigger,
a trigger tower with the size of 0.2 in 1 and 15° in ¢ is formed from adjacent physical
towers. A physical tower has typically a segmentation of 0.1 in 1, and 15° (5°) in the
central (plug and forward) calorimeter, as described previously. A single trigger tower

is required to have Er above programmable thresholds.
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Level 2 Trigger

The Level 2 trigger needs about 25-35 us to process the event delivered from the Level
1. This causes 10-20 % deadtime, and during this time the next 7-10 bunch crossings
are lost in the DAQ. The Level 2 trigger rate is limited to a peak of about 22 Hz for
Run 1A and 40-55 Hz for Run 1B and 1C. The Level 2 trigger also consists of specially
designed hardware and uses the fast-outs from readout electronics, as in Level 1. In
this level, used in the trigger decision are various quantities more closely related to
physical objects, such as energy clusters in the calorimeter, total transverse energy and
the missing transverse energy, the presence and position of muon stubs in the muon
chamber that are associated with high py tracks in the CTC. The energy clusters of
Level 2 are produced from trigger towers with a seed threshold of £ > 3 GeV by

adding adjacent trigger towers with Ep above 1GeV to the cluster.

Level 3 Trigger

After the events pass the Level 2, the data is sent to the front-end electronics on the
detector to digitize the event and then to the scanners to read out the full event. These
processes need about 3 ms, and so they give rise to another few percent deadtime. Once
the event is read out by the scanners, the DAQ system revives and triggers on a new
bunch crossing. The fully digitized event is sent to the Level 3 software trigger. The
Level 3 trigger runs event reconstruction software on the computers to determine if
the event should be accepted or rejected. The software used in Level 3 is the subset
of offline analysis programs with the modifications that enable the process to be done
faster. Various physics quantities such as energy clusters and tracks are reconstructed.
The Level 3 output rate is about 5-7Hz for Run 1A and about 10Hz for Run 1B
and 1C. There is a storage in a queue of processing (buffer) and the buffering and

processing are done in parallel, so the Level 3 usually incurs no deadtime.
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Chapter 4

Data and Event Selection

The data used in the event selection and the analysis is described in this chapter.
Before starting the short run of the Tevatron (Run 1C), the trigger system dedicated
for the diffractive physics was prepared based on the recoil antiproton tagging using
the Roman Pot. First of all, this trigger system is described. Next, this short Tevatron
run is described in the following section. Major upgrade for the CDF detector before
the run was the addition of the Microplug calorimeter and the Roman Pots, so the
diffraction experiment in CDF was one of the main topics for this short Tevatron
operation. After that, we present the data set for the analysis. In addition to diffractive
data, we are also using the non-diffractive data in inelastic pp collisions because a
comparison of diffractive and non-diffractive data is essential for understanding the
pomeron. In particular, a jet production in non-diffractive pp interaction is due to the
hard scattering between the partons in the incident (anti)protons in the framework of
QCD. Therefore the jets produced in single diffractively excited system indicate, if we
observe, that there is a parton-like constituent in the pomeron. Comparison of those
jet systems can tell us details about the constituents: momentum distribution in the

pomeron, quark-like or gluon-like nature of the constituent.
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4.1 Diffractive Trigger

The trigger system for diffractive data in the hard diffraction experiment is described

[46].

Level 1

The Level 1 trigger is a 3 fold coincidence of the trigger scintillators installed in the
forward spectrometers. The timing is adjusted for the outgoing p, and then there is
no background in the trigger from the (370ns earlier) incoming p bunch. Triggered
data is prescaled to 50-200 Hz during the normal Tevatron run in the high luminosity

condition (~ 10*° 3! ¢cm ?s™!), and then sent into the Level 2 trigger.

Level 2

At Level 2, the diffractive trigger is split into two paths. In one trigger path, data
trigger rate is simply prescaled to about 1 Hz so that this trigger is called ”diffractive
inclusive” trigger. The prescale factor was varied dynamically, on an event-by-event
basis, with the beam luminosity within the region of 250-1,000. The other path
requires at least two Level 2 clusters with Ep > 3 GeV in the calorimeter, and therefore,
this trigger path is called ”diffractive dijet”. Diffractive dijet trigger does not require

prescaling because data rate should be kept as high as possible.

Level 3

At the Level 3 trigger, two selection cuts for the primary vertex and for a reconstructed
track in the Roman Pots are required. In order to select events with produced particles
in the CDF detector, that is, to avoid empty events, at least one vertex with class > 5
is required. At the same time, events with zero or one class 12 vertex are selected to
reject multiple interaction background. For the pot track, if the number of X or YV
planes in which there are > 6 hits is greater than 4, this event is rejected as a Roman
Pot multi-hit background. Here a plane corresponds to a superlayer that is a unit to

measure X or Y position of the track, shown in Figure 3.12. In addition, at least two
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jets in JETS bank with Er > 5GeV are required in the diffractive dijet trigger.
A sample of events that passed the above 3 Levels of trigger selection is used as a
diffractive trigger data sample in this analysis. Figure 4.1 shows the flow chart of the

diffractive trigger.

4.2 1995-96 Tevatron Run

The short Tevatron run named “Run 1C” which followed the 1994-95 run (Run 1B)
was carried out from late November 1995 to February 1996. During the shutdown
of the Tevatron in summer 1995, the Roman Pots and Microplug calorimeter were
installed by the CDF hard diffraction group. Following the test run for a month and
half, we collected the large amount of data in the physics runs with the proton and
antiproton beams at the center of mass energy of /s = 630 GeV and /s = 1800 GeV.
In particular, a sample of about 3 million events was obtained in low luminosity runs
around L;,,; ~ 10¥ em™2s7" at /s = 1800 GeV. This sample was collected during
the special runs in only four days (January 18-22, 1996), scheduled by request of
Experiment E811 (elastic pp scattering experiment at the EO of the Tevatron.) The
data obtained during the low luminosity run is good for the diffraction study because
the rate of multiple interaction in beam-beam or beam-gas collisions is very small, and
the detector condition should not change for such a short period.

The run numbers corresponding to /s = 630GeV or /s = 1800 GeV runs in
Run 1C are listed in Table 4.1. The 630 GeV data taking was done before the New-
Year shutdown and had several pot-fiber channels with connection problems that were
fixed during the shutdown. As seen in the table, there are no good runs during
76123 < RUN < 76339 at /s = 1800 GeV. This is due to 1) that the sense wires of
the CTC were broken just after RUN 76123, and number 4 to 6 of the superlayers in
north half of the chamber became useless, and 2) some problems in LUMMON system
up to RUN 76338. This means that only south half of the CTC was usable during
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| Diffractive Trigger I

Trigger Name : DFFB DIFFRACTIVE INCL*, DFFB DIFFRACTIVE DIJET*
DDFB_DIFFRACTIVE_INCL*, DDFB_DIFFRACTIVE_DIJETx*

Level 1 3 fold coincidence of trigger counters.

Reject circulating p beam with trigger timing.

U
Prescaled to 50-200 Hz
4
Level 2 Split into 2 paths.
J 4
Dynamic Prescale > 2 Clusters with Er > 3GeV

(No Prescaling)
" Diffractive Inclusive” " Diffractive Dijet”

) )
J Trigger Rate : ~1 Hz |
' !

Level 3 e > 1 Vertices with Class > 5

< 1 Vertex with Class 12 * Primary Vertex

e Reject events with > 4X or Y

planes which have > 6 hits. * Roman Pot

J J
" Diffractive Inclusive” " Diffractive Dijet”
g

> 2 Jets with Er > 5 GeV

Figure 4.1: Diffractive trigger flow.
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Table 4.1: A summary of good physics runs in Run1C.

Vs (c.m.s) Runs
630 GeV 74608 < RUN < 75109

1800 GeV 74208 < RUN < 74521
75250 < RUN < 76123
76339 < RUN < 76574

(Low Lum. 75632 < RUN < 75738)

good runs after RUN 76339, but it is not a serious problem for diffractive data because

the CTC was not used in diffractive trigger.

4.3 Data Sets

4.3.1 Diffractive Data

As a sample of diffractive data used in the analysis, we selected the diffractive trig-
ger data collected within the low luminosity runs 75644 < RUN < 76738 at /s =
1800 GeV. This is just because multiple interaction background is expected to be
very small in low luminosity condition, as mentioned above. It would be worth
noting the other runs although they are not used in the analysis. During the runs
75808 < RUN < 76146, both the east and west Microplugs were put in veto to get a
DPE-rich event sample (called DPE trigger). This sample is very interesting because
diffractive dijet trigger of this sample would enhance the DPE events with high E
jets. However, this sample should be used only when DPE jets are observed in inclu-
sive diffractive sample that is not biased by a gap requirement. Therefore, it is left for
the later analysis.

We note that the runs 76165 < RUN < 76403 should be used carefully because

for this period the positions of the Roman Pot fiber trackers were changed from the
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usual position. For most physics runs, the distance between the p beam and the top
of the trackers was kept to be 1.0cm. For some runs during 76165 < RUN < 76403
the tracker position was changed to be about —8.8 mm away from the usual position
to get high |¢| diffractive events. These events are useful for the study of ¢ dependence
of the cross section, correlation of £ versus ¢ in high ¢ region, dijet to inclusive ratio
as a function of ¢ up to high ¢ range, etc. For the rest of runs the trackers stayed at
the garage position to collect the minimum-bias events. Therefore, to get the sample
obtained at the constant tracker position, we should remove the data with this period.

A typical luminosity of the data set used is around 1.0 x 10? cm™2s~!. Table 4.2
gives a summary of data sets used in the analysis for run number and number of events,
number of events collected with diffractive inclusive and dijet triggers, and the instan-
taneous luminosity. Finally 3,119,137 trigger events that consisted of 3,114,497
inclusive triggers, and 4,638 dijet triggers were obtained. A fraction of events passed
both the inclusive and dijet trigger requirements, so they were included into inclusive
trigger data. In the following analysis we use only the inclusive data of 3,114,497

events.

4.3.2 Non-Diffractive Data

Comparison of diffractive data with non-diffractive data in inelastic pp interactions
is essential for understanding of the pomeron in terms of QCD. Most of all the CDF
trigger data is actually non-diffractive sample, e.g., high Ep jets, inclusive lepton
or photon, etc. These samples are non-diffractive, but in a comparison of inclusive
diffractive events much less biased sample (i.e., inclusive non-diffractive sample) should
be used. Of course, for a certain specific event such as diffractive W production,
inclusive W trigger sample can be used for the comparison. As a minimal biased data,
we used the data collected with so called “minimum-bias” trigger which requires the
BBC hits for both the east and west in coincidence with the beam crossing. The

true minimal biased trigger is a “beam crossing” trigger which only requires the beam
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Table 4.2: A summary of diffractive trigger data at /s = 1800 GeV, used in the

analysis. An event collected by both the inclusive and dijet triggers was included into

inclusive data. L, is the average instantaneous luminosity in units of 10% cm 2571,

Run Events Diff. Trigger Linst
Inclusive  Dijet

75644 9,631 9,505 126 2.05

75645 36,642 36,433 209  1.88

75646 128 86 42 1.75

75647 361,278 360,888 390  1.49
75648 250,770 250,598 171 1.13

75650 17,502 17,486 16 1.15
75674 369,769 368,926 843  1.75
75675 57,179 57,116 63  1.35
75676 48,462 48,443 19  1.26
75677 264,550 264,542 8§ 1.18

75678 150,262 150,217 45 1.07
75713 349,615 349,474 140  1.07
75714 380,359 380,270 89  0.82
75715 277,906 277,875 31 0.75

75733 4,904 4,846 58  9.10
75734 76,733 76,239 494 6.85
75736 33,169 33,063 106 5.44

75737 194,217 193,278 939  4.61
75738 236,061 235,212 849  3.56
3,119,137 3,114,497 4,638 1.65
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crossing, but for Run 1C this trigger was not used. Run 1A data contains some runs
collected with this trigger, and it will be described later.

In the analysis we used the data obtained by the minimum-bias trigger with a
slightly different condition from a normal one, for the period of Run 1C low luminosity
runs 75671 < RUN < 75673 and 75711 < RUN < 75712 (L ~ 0.5 x 10%% cm™2s71).

This data set was collected with the following set of the triggers:

o Level 1 MINIMUM_BIAS,
o Level 2 AUTOMATIC_L2_ACCEPT,
o Level 3 VALB_L3_AUTO_ACCEPT,

which is different only in scaling from the normal minimum-bias trigger set below,

e Level 1 YMON _*,
e Level 2 YMON_L2_x*,
e Level 3 OTHB_YMON_*, OTHB_MIN_BIAS_x.

Starting from a sample of 342,150 events, we applied the BADRUN filter module
to select good runs for the analysis. Then, offline we explicitly required the event
to pass the above minimum-bias triggers, and applied the COSFLT filter module to
reject background from cosmic rays, beam-gas background interaction events, etc. At
this stage we obtained 340,698 good minimum-bias events in this sample. It is worth

noting again that true ZERO-bias data with the beam crossing would have been useful.

This should be a lesson for Run II.

4.4 Data Pre-Selection

4.4.1 Diffractive Data

At the first stage, we required that the data should be collected in the inclusive trigger

path because of the simple comparison between the data and Monte Carlo predictions,
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Figure 4.2: (a) Missing E7 and (b) Z,¢,., distributions of diffractive trigger data. The
data is required to have Fr < 20GeV and single vertex in (b). The shaded region
shows the events rejected by the Fr and Z,.., cuts.

and also between the diffractive and non-diffractive dijets in the following dijet studies.
As discussed above in Section 4.3.1, there are 3,114,497 inclusive trigger events in our
total data sample. Then we apply the COSFLT filter as for non-diffractive minimum-
bias data. In the following, we start the data selection from a sample of inclusive
trigger events after the COSFLT was applied. The number of events in this sample is

3,114,334.

Missing F; and Event Vertex

In Figure 4.2(a) we present the missing transverse energy (Fr) distribution for initial
data sample. The figure shows that the data contains a fraction of events with large Fr
such as cosmic ray background. Therefore,we require the Fr to be less than 20 GeV
to reject a few tail events, which left 3,114,318 events.

The number of event vertices measured by the VI'X is used in the diffractive trigger
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as the requirement for rejecting multiple interaction background. The event vertex is
classified from class 5 to 12 by the VTX hit status [47]. In general, the larger the value
of the class, the better the vertex quality. In the classification algorithm the best vertex
in an event is identified as a primary regardless of the value of class, so this means
a low quality vertex such as class 5, 7, 8 could be identified as the primary vertex in
the soft interaction. Therefore, in order to select events with a single interaction in
the VIT'X acceptance region, we require that there is only one vertex with class greater
than or equal to 5 in an event. By requiring the single vertex cut, 2,479,062 events
are selected.

Figure 4.2(b) shows the event vertex position along the Z axis (Z,¢psee) in a sample
of events with Fr < 20GeV and a single vertex. In order to select a good vertex
reconstructed in the VTX region, the cut |Z,epe.| < 60cm is applied, which brings
the number of events from 2,479,062 to 2,290,541.

Roman Pot Track
Diffractive data was collected with an in-time coincidence of Roman Pot trigger scintil-
lator hits (Section 4.1). Then, hit information on the fiber of the detector is converted
to the position of the track with respect to the beam axis. Figure 4.3(a) shows ADC
pulse height distributions of 3 Roman Pot trigger counters in a sample of diffractive
inclusive events with the vertex and Fr < 20GeV cuts. We could see clear peaks
around 350 ~ 400 ADC counts that correspond to the signal of 1 M.L.P. (Minimum
Ionizing Particle), and the long tail coming from multi-M.L.P. events. So, in order to
select events with > 1 M.LP. signal, ADC counts of the 3 trigger counters are each
required to be greater than 250. Then, events containing > 2 M.I.P.s are removed by
requiring that total ADC counts of 3 trigger counters should be less than 1,800, as
shown in Figure 4.3(b).

In this figure a small bump is seen around YADC; ~ 2,700 (left arrow). Selecting
events within 2,600 < YADC; < 2,900 and looking at each ADC distribution of 3
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trigger counters, we see that this bump is due to overflow of a trigger counter from
multi-particle hits. The same effect from overflow of two counters also appears as the
second bump around XADC; ~ 4,300 (right arrow). Anyway, as a result of the 1
M.L.P. selection cuts, 6 % of the data is removed, and the number of events becomes
2,144,022 (called IMIP sample).

Figure 4.4 shows the multiplicity distribution of the reconstructed Roman Pot
tracks in IMIP data sample. Most IMIP data has only one reconstructed track (68 %),
but a sizeable fraction of the data (17%) contains two tracks in the Roman Pots.
As discussed in Appendix A, one of the two reconstructed tracks in an event could
be attributed to an accidental mis-reconstruction that produces an extra fake track.

Therefore, we select 1,819,549 events with one or two reconstructed tracks as a sample
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Figure 4.4: Multiplicity distribution of reconstructed tracks in the Roman Pot.

of good track events. The fiber hit quality is classified into 4 hit classes from 0 to 3
according to the number of observed hits in X and Y detectors of three Roman Pots.
The hit class is defined such that the smaller the class number, the better the hit
quality. In the following analysis, a sample of 1,758,877 events with the best hit class
“0”, defined as hits on all the three X and three Y detectors, is used. This sample is
called the 1'TRK sample below.

Figure 4.5 shows the distributions of horizontal (X') and vertical (") positions, and
angles in X —Z (Jx) and Y — Z (Jy) planes for the reconstructed tracks in the ITRK
sample. Here the p beam is nominally at X = Y = 0. The X distribution shows a
fall-off with distance from the beam within —2.8 cmm < X < —1.2 cm that corresponds

to the Roman Pot acceptance convoluted with the £ = 1 — xp and [t| distributions
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63



of the p. The occupancy is higher near to the beams but not by a large factor. The
Y distribution would be nominally symmetric around Y = 0 because the track is not
deflected by the dipole magnetic field in the vertical plane, and the quadrapoles are
symmetric. However there is a shifted peak at ¥ = —0.2 ~ —0.3cm. This could
be due to the displacement of the Roman Pots from the nominal position. The dip
near Y = —0.5cm (although not significant) is known to be due to a dead channel,
and 2/3 times the hits in the dead channel are relocated to one of the neighbor bins
(this appears as a spike in the next bin), so that this problem gives only a small

reconstruction inefficiency.

Diffractive Kinematics
Based on the information of track position at the Roman Pots and interaction vertex
measured in CDF, we can calculate the diffractive kinematics given by &, azimuth ¢
and ¢t. The £ is a fractional momentum loss of the reconstructed track to the initial p
beam, and t is four momentum transfer squared of the pomeron. In addition to the
track position and interaction vertex, the beam transportation calculation taking into
account the Tevatron accelerator magnets is necessary in £ and ¢ reconstruction. In
this analysis £ and ¢ reconstruction codes that implement the beam transportation
calculation using a higher order transport matrix, Roman Pot position correction
and initial beam information at the CDF, developed by Hosai Nakada (University of
Tsukuba), are used (see [48] for details).

After rejecting about 2.2 K events with unphysical solutions of £ and ¢, we obtain
a sample of 1,756,689 events with successfully reconstructed & and t. Figure 4.6(a)
and 4.6(b) show the distributions of ¢ and |¢| in this ITRK sample. The acceptance
of the Roman Pot is maximum (actually 100 %, i.e., full azimuth ¢ coverage, for much
of this region) for recoil p with about 0.05 < £ < 0.09 and [¢t| S 1GeV?, but there is
still some acceptance at smaller £ (0.01 < £ < 0.035). The corresponding |t| to this

smaller £ is relatively higher (> 0.1 — 0.2 GeV?) than |¢| in the maximum acceptance
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region of 0.05 < & < 0.09, as seen in the correlation between ¢ and [¢| of Figure 4.7.
Consequently the Roman Pot acceptance at smaller £ is small.

In Figure 4.8 the Roman Pot acceptance A(&,|t|) as a function of & and [¢] is
shown. In the following analysis we use, in principle, the data with pot tracks in
the full acceptance region and neighboring area satisfying 0.035 < & < 0.095 and
|| < 1.0GeV? (shown by the dashed area). These Roman Pot acceptance cuts kill
7% of reconstructed (&, t) sample and bring the number of events to 1,638,993. This
data sample consists of events with a single good vertex and a good reconstructed pot
track within a reasonable Roman Pot acceptance, so that it is called RP (Roman Pot)
data below. A summary of the number of events after pre-selection cuts described in

this section is given in Table 4.3.
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Table 4.3: The number of events after the pre-selection cuts used in the analysis. The
second column shows the sample names used in the text.

Pre-Selection Cuts Sample | # Events
Total Triggers 3,119,137
Select Inclusive Trigger 3,114,497
COSFLT Filter 3,114,334
Er <20GeV 3,114,318
Single Vertex (1 Class> 5 Vertex) 2,479,062
| Zvertex| < 60cm 2,290,541
For Roman Pot Track

1 M.I.P. Cuts* 1MIP 2,144,022

1 or 2 Reconstructed Tracks 1,819,549

3X+3Y Hits at 3 Roman Pots 1TRK 1,758,877
For Diffractive Kinematics (¢, t)

(&, t) Reconstructed 1,756,689

0.035 < £ < 0.095, |t| < 1.0 GeV? RP 1,638,993
1 ML.I.P. Cuts* =

Trigger ADC; > 250, >, ADC; <1800 (i = Potl,2,3)

4.4.2 Non-Diffractive Data

Using Run 1C minimum-bias trigger data, we obtained a sample of non-diffractive
events in inelastic pp collisions. As described in Section 4.3.2, now we have 340,698
events after applying the COSFLT filter. As for diffractive data, we next require the
missing E; < 20GeV, which kills only 13 events. For non-diffractive events we do
not use the single vertex cut, but apply the Z,c.sep cut of |Zyerper| < 60cm. As a
result, 299,959 events remain after these cuts. This sample is called the inclusive

non-diffractive sample below.
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Chapter 5

Dijet Production by Single Diffractive

Excitation

The dijet production in single diffractive excitation (Single Diffractive dijet or SD
dijet) is studied using the sample of inclusive Roman Pot data (RP) with 0.035 < £ <
0.095 and |t| < 1.0GeV?. An observation of jets in diffractive events would confirm
the existence of hard scattering process between constituents of the proton and the
exchanged object (predominantly, the pomeron). If the structure of the exchanged
object is similar to that of the proton, we may expect that the Ep of diffractively
produced jets drops faster than that of non-diffractive jets because of the smaller
center of mass energy in diffractive events. In the later analysis, a threshold of Ep >
7GeV was primarily applied for the jet selection. If the statistics is enough large for
Er > 7GeV, a higher Er threshold of E7 > 10 GeV would be used. Since the center
of mass energy in DPE events is even lower, DPE dijets could have even lower Ep
than the single diffractive jets. This also supports the low Er threshold.

First, we briefly discuss the jet reconstruction algorithm. We usually use a “cone
algorithm” to reconstruct the jets in CDF [49]. In this algorithm, a jet is defined
as an energy-weighted vector of calorimeter towers in a cone of n-¢ space with a

certain radius. A reconstructed jet is then processed through the offline corrections to
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convert the measured jet Ep to the true parton momentum at the production. These
corrections were brought together into an offline analysis package, called “JTC96”. It
is therefore often referred to as JTC96 corrections.

A certain detector noise due to “hot towers” in the calorimeter mimics the jet.
These noise jets were removed from the data. Another source contributing to the
jet events is non-diffractive overlay background. This background was also rejected
using as a template the shape of BBC and forward calorimeter tower multiplicities
of minimum-bias jet events. This is because non-diffractive background fills the gap
region covered by the BBC and forward calorimeters with the particles, in contrast to
diffractive events showing the zero or low multiplicities for the gap range. Single vertex
selection would kill a portion of the jets in single interaction events. The efficiency for

this requirement is also discussed.

5.1 Jet Clustering at CDF

In the CDF jet clustering algorithm, a jet is formed from the calorimeter towers. An
offline routine called JETCLU [49] is used to reconstruct the jets based on the following

three steps:

1. Pre-Clustering

Before clustering the towers in a cone, a pre-clustering is done using the seed towers.
The seed towers with Ep above threshold (at default Ep > 1 GeV) are listed, and then
a loop is performed to group the seed towers into a pre-cluster. In the loop over the

seed towers a certain radius Ry is chosen.

2. Cone Clustering

A loop over the towers around the pre-cluster centroid is done, and the tower with
Er > 100MeV is added into a cluster if it is within a cone of Ry (cone radius)
around the pre-cluster centroid. Including the new towers added, a cluster centroid

is recalculated, and then a loop is again performed around the new centroid. This
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procedure is repeated until the lists of towers in the clusters are unchanged. The most

common value of Ry is selected to be 0.4, 0.7 and 1.0, depending on the analysis.

3. Merging and Resolving

There could be some towers assigned to more than one clusters in this cone algorithm.
The overlapping energy is calculated from these towers and if it is greater than a
certain threshold (usually 75 % of the smallest cluster), the clusters are merged. If the
overlapping energy is lower than the threshold, the shaded towers are grouped into
the nearest cluster. After merging or resolving the overlap towers, the centroid of each

cluster is recalculated.

5.2 Jet Energy Corrections

An offline correction routine JTC96 contains the following corrections to jets and the

actual corrections are carried out in this order:
e Relative Correction,
e Absolute Correction,
e Underlying Event (UE) Subtraction,

e Out-of-Cone (OC) Correction.

The relative correction is used to correct for the detector non-uniformity in re-
sponse to jets. The detector response would be different between the calorimeters and
the “cracks” (uninstrumented region) in-between, and even between the central and
plug (or forward) calorimeters. Using jet balancing, the response of jets outside the
central region are corrected back to that of central jets, which are well understood in
calorimeter response.

The absolute correction is then performed, in which the measured jet is transformed

to the particles generated in the cluster. Taking into account the ambiguities due to

71



detector non-linearity, fragmentation, cone clustering, the true energy of particles at
the parton level is estimated from the jet energy measured in a calorimeter.

We have to consider the energy due to underlying event in a jet. There are in
general two possible sources of underlying event in a single hadron-hadron collision:
1) fragmentation of beam remnants and 2) multiple interactions of partons in hadrons.
After the relative and absolute corrections are done, the underlying event energy which
was measured in minimum-bias events is subtracted from the jet. As discussed later,
this correction has been modified for the analysis of diffractive events including DPE
because the subtracted energy used in default JTC96 was obtained in quite different
condition from that of our diffractive data.

In the fragmentation process some energy (e.g., soft gluon radiation) could leak
out of a cone of jet. The energy of jet outside a cone is called out-of-cone energy,
and it is finally added to a jet in JTC96. From studies of Monte Carlo simulation,
the out-of-cone energies (around 0.5 ~ 2 GeV) for three cone sizes were evaluated as a

function of jet Pr.

5.3 Dijet Event Selection

The triggered data of both diffractive and non-diffractive events is passed through
the jet clustering algorithm JETCLU. In this process we use the JETCLU with stan-
dard CDF settings. We then apply the JTC96 corrections to the reconstructed (raw)
jet clusters. The standard relative and absolute corrections are imposed to the jets,
which are followed by the underlying event (UE) subtraction and out-of-cone (OC)
correction. We use the OC correction contained in the standard JTC96 package, but
for UE subtraction we use the UE energy which we measured instead of standard
JTC96 UE energy.

We expect that the standard UE energy used by JTC96 would be quite different from

our data with tight vertex cut (single vertex with class> 5) since it was obtained for
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events with high particle multiplicity vertex such as class 12. We therefore measured
the UE energies for SD dijets at /s = 1800 GeV and 630 GeV, and DPE dijets at
/s = 1800 GeV. In addition, the UE energy for ND dijets was also measured. The UE
energy of ND sample would basically increase with increasing instantaneous luminosity
due to multiple pp interactions as shown in Figure 5.1. When requiring a single vertex
for every event, the UE energy is almost flat over entire luminosity range. We do not
apply the single vertex cut to ND dijet sample, but it is obtained from low luminosity
runs so the luminosity dependence of UE energy is negligibly small, as seen in the
lower half of the figure.

Using the measured UE energies, in JTC96 corrections we subtract 0.54 GeV (1.16
GeV) from the Ep of single diffractive (non-diffractive) jets. Due to rapidity gaps most
DPE events are expected to have zero multiplicities for both the BBC and forward
calorimeter towers on the proton direction. Accordingly, we subtract a lower Ep of
0.37 GeV from the jets of these events. In the later analysis we apply a conservative
uncertainty of 30 % to these UE energies.

Processing the data of about 1,639 K diffractive events and about 300 K non-
diffractive events through the JETCLU and applying the JTC96 corrections to the events
containing jets, we obtain 40,077 (7,232) diffractive events and 43,379 (14,224) non-
diffractive events with at least 2 jets with corrected E7 > 7 (10) GeV. In the following,

the Ep of jet is JTC96 corrected transverse energy unless explicitly mentioned.

5.3.1 Hot Tower Rejection Filter

Figure 5.2 shows the detector 1 (17/¢) versus ¢’ of leading jets in Ep > 7GeV dif-
fractive dijet sample. We observe that a large fraction of jets appeared to emerge at
certain nng and ¢’“! spots. Particularly it is significantly observed for the plug region.
A similar distribution is observed for non-diffractive dijet events. From these we con-
clude that the clusters reconstructed in these calorimeter spots would contain a large

fraction of fake jets causing from hot towers of calorimeters. Also, we find that the hot
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Figure 5.1: Ep within a randomly chosen cone R = 0.7 as a function of instantaneous
luminosity in inclusive non-diffractive sample. The black points represent the case
without any vertex cut, and open points show the case with single vertex cut (1
class> 5 vertex). Upper half shows non-diffractive data during high luminosity, while
lower shows that during low luminosity which we use in the analysis. The dashed line
in the lower plot is an extrapolation of linear fit to upper high luminosity data, and
the dotted line is an average E7 of our low luminosity sample. Multiplication of 1.6
to Er within a random cone gives the underlying event energy to be subtracted from
the jets.
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tower spots appeared during a certain run period. Figure 5.2(c¢) shows that many hot
tower spots emerged in the plug region during the runs 75644 <RUN< 75713. Also
seen in Figure 5.2(d) is that most hot tower spots disappeared at latter half of low
luminosity runs 75714 <RUN< 75738.

Therefore, to remove hot tower clusters, we use the “Hot Tower Rejection Filter”
(HTFLT). This filter is defined as the cuts on the EM fraction of reconstructed clusters,

selected by the following characteristics of hot tower clusters:
e Localized hot tower spots in 1—¢ space,
e Different EM fraction from that of normal jets.

Here the EM fraction of a jet, Fi%,, is defined as the ratio of electromagnetic to total

(electromagnetic and hadronic) energy of a jet:

) E]et
A — O — 5.1
0= T B .

Figure 5.3 shows the EM fraction of clusters in typical five hot tower spots selected by
looking at jet distributions on 7/ versus ¢/*! plane (Figure 5.2(c) and Figure 5.2(d)).
Comparing with the EM fraction of normal jets, we find that the EM fractions of hot
tower spots are quite different. So that, we decide to apply a cut on the EM fraction
of each hot tower cluster, as shown in Figure 5.3. The EM fraction cuts of HTFLT
filter used in the analysis are listed in Table 5.1. We should note that the HTFLT
does not reject the events, it just determines if the jet is “hot” or not.

In the analysis the HTFLT filter is applied to all the data independently of run
numbers to simplify the analysis and to make the calculation of efficiency easy. Also,
this filter is imposed only on the two leading jets in dijet events. When at least one
jet of the two leading jets is rejected by the HTFLT, we remove this event. For events
that pass the HTFLT, we observe a reasonable n versus ¢ distributions of jets which is
shown in Figure 5.4. The efficiency of HTFLT, defined as a probability that good dijet

events pass the HTFLT filter, is necessary for the later analysis. We determine this
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Figure 5.3: EM fraction of jets in five typical hot tower spots. Top left shows the
distribution of jets excluding them. The shaded regions show the hot tower clusters
rejected by the Hot Tower Rejection Filter.
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Table 5.1: Cuts on the EM fraction of reconstructed clusters in five hot tower spots,
that form the Hot Tower Rejection Filter.

Hot Tower Spot Detector n’¢*  ¢7¢t (radian)  Cut
(Run Range)
Spot 1 18 <l <12 07<¢? <13 >03
(75644-75713) 1.4 < ¢ < 1.7
4.0 < ¢’ < 6.3
Spot 2 —1.7<mlf < —1.4 Pt <15 >0.35
(75644-75713) 4.8 < ¢ < 5.5
Spot 3 13<n) <18 10<p* <18 >03
(75644-75713) 2.4 < ¢ < 5.0
5.4 < ¢ < 6.0
Spot 4 26 <l <30 28<¢<32 <08
(75644-75738)
Spot 5 13<ns <18 46<¢® <51 >025

(75714-75738)

efficiency by applying the EM fraction cuts of HTFLT to the clean samples of data and
Monte Carlo simulation. The data used is Run 1B minimum-bias data where the hot
tower noise is very small, and the simulation is the PYTHIA Monte Carlo [51] which

generates QCD high pr processes producing the jets. The procedure is as follows.

(1) Select dijet events with Fj*" > 7GeV for clean samples of the data and simula-
tion. The generated events in the simulation are passed through the full detector

simulation and the same analysis chain as the non-diffractive data.

(2) Pick up the leading jets lying in certain areas of detector 7;, versus ¢j.;, corre-

sponding to the hot tower spots seen in the diffractive data.

(3) Apply the same EM fraction cuts to the selected clean leading jets, and count

the number of rejected jets or remaining jets for each hot spot.

(4) Count the number of good diffractive jets (i.e., not rejected by the HTFLT) for

each hot spot in diffractive data.
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Figure 5.4: Leading jet distribution on detector 77¢ versus ¢’¢ plane after applying the

Hot Tower Rejection Filter in a sample of events with at least 2 jets with Ep > 7GeV.

(5) Divide the number of rejected jets by that of remaining jets in (3), then multi-

plying it by (4) for each hot spot.
(6) Sum up the (5) over all the hot spots.

(7) Divide the number of diffractive dijet events after the HTFLT applied by the
sum of this number and (6) multiplied by 2. The second jet should be also taken

into account, which causes a factor 2.

From the above, we obtain the HTFLT efficiency sggijT to be
edhitt = 96.9 £ 0.2(stat.) %.

This is an average of two obtained values: 97.4 £+ 0.1(stat.) % for Run 1B data and
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Table 5.2: The number of events after the selection cuts used in the analysis. Second
column shows the sample names used in the text.

Selection Cuts Sample # Events
0.035 < £ < 0.095, |[t| < 1.0 GeV? RP 1,638,993
= Diff. Inclusive Events (= N
For Jets
JTC96 Energy Corrections™ > 7GeV | > 10GeV
> 2 jets with Ep > Eppin 40,077 7,232
Hot Tower Rejection Filter PJJ 30,439 5,510
For Low Multiplicity on Pot Side
West Nppco(—5.9<n<—-32)<6 PJJ 27,405 4,866
= SD Dijet Events (= N%,))
For DPE Selection
East Nppc(3.2<n<59)=0 257 43
East Noap(24<n<42)=0 132 17
(= DPE Dijet Candidate Events)

* Including the subtraction of UE energy Ep :
0.54 (0.37) GeV for SD (DPE) dijets

96.4 £ 0.3(stat) % for PYTHIA Monte Carlo simulation. Also, we apply the difference
(0.5%) between the data and simulation results as a systematic uncertainty of the
efficiency.

Finally, the HTFLT filter provides 30,439 (5,510) diffractive events and 32,629
(10,514) non-diffractive events with Ep > 7 (10) GeV good dijets. The former is called
later the “POT+ DIJET” or “PJJ” event class. It means that it consists of events
with a good leading p (=P) and at least 2 jets (=JJ) with Ex > 7 or 10 GeV. The
numbers of diffractive and non-diffractive dijet events in each selection cut are given

in Tables 5.2 and 5.3 respectively.

5.3.2 Overlay Background of ND Events

The main background contribution in the PJJ sample could be due to non-diffractive

events in a minimum-bias (MB) type interaction, together with a random coincidence
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Table 5.3: The number of non-diffractive events after the selection cuts used in the
analysis.

Selection Cuts # Events

Total Triggers 342,150

BADRUN Filter 342,150

Select MB Trigger 340,727

COSFLT Filter 340,698

Fr <20GeV 340,685

= ND Inclusive Events (= Ny)

| Zyerter] < 60 cm 299,959

For Jets
JTC96 Energy Corrections™ >T7GeV | >10GeV
> 2 jets with Ep > Eppin 43,379 14,224
Hot Tower Rejection Filter 32,629 10,514
= ND Dijet Events (= N%,))

* Including the subtraction of UE energy E; : 1.16 GeV

of an event containing a Roman Pot track. Since dijets can be produced in either
a diffractive or non-diffractive event, this background would consist of two possible
compositions: 1) a diffractive dijet event overlapping with a MB inclusive event, and
2) a non-diffractive dijet event overlapping with a diffractive inclusive event. Thus
this is in general an “overlay” background and will be proportional to the luminosity.
However, we can evaluate this background using the forward detectors because the ND
event fills the forward phase space with produced particles, in contrast to diffractive
interactions in which the forward region should be void due to rapidity gap (or at least
low multiplicity, in the cases where the gap does not cover the detector).

Figure 5.5 and Figure 5.6 show the BBC hit and FCAL tower multiplicities on
the Roman Pot side (west) for the PJJ samples of E7 > 7 and 10 GeV dijet events
respectively. The BBC hit multiplicity Ngpc is obtained from latched BBC bank
using BBLDUN routine. The FCAL tower multiplicity Nc 4z, is obtained by counting

the number of towers within 2.4 < n < 4.2 having E; above n-dependent thresholds
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Figure 5.5: West BBC and FCAL tower multiplicity distributions for £y > 7 GeV dijet
events. In each plot left (right) side is for runs of maximum BBC hit=14 (11). Top
plots show BBC distributions before the low multiplicity cut, and middle (bottom)
plots show FCAL tower distributions before (after) the cut. The distributions of non-
diffractive sample (shaded histogram) are normalized to the contents of diffractive
sample (full line) at the maximum BBC hit bin Nggc = 14 or 11, and Ngap > 20
respectively.
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Figure 5.6: West BBC and FCAL tower multiplicity distributions for Er > 10 GeV
dijet events. In each plot left (right) side is for runs of maximum BBC hit=14 (11).
Top plots show BBC distributions before the low multiplicity cut, and middle (bottom)
plots show FCAL tower distributions before (after) the cut. The distributions of non-
diffractive sample (shaded histogram) are normalized to the contents of diffractive
sample (full line) at the maximum BBC hit bin Nggc = 14 or 11, and Ngap > 20
respectively.
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given by

(0.2 (In] < L.1),
0.450 x sin (2tan e ) (1.1 <|n| < 1.5),
Ep (GeV) > ¢ 0.2 (1.5 < |n| < 2.3), (5.2)
—0.143 x || + 0.579 (2.3 <[n| <3.0),
| —0.0625 x || +0.3375 (3.0 < |n| < 4.2).

This E; threshold was developed in the diffractive W analysis for Run 1A+1B data
[16] (details in [52]). We know that this tower threshold could increase the ability to
discriminate more efficiently against non-diffractive “gaps” than a fixed £ threshold
of 200 MeV, as described in [53] and [54], and thereby increase the sensitivity for
observing diffractive signals.

These figures show the distributions for non-diffractive dijet events (JJ) by the
shaded histograms. The PJJ and JJ samples have completely different shapes, being
dominated by low and high BBC counts respectively. We do not expect to see a
first bin (Npgc = 0) enhancement for PJJ sample because &,,;, = 0.035 corresponds
approximately to a rapidity gap lying within the range 1,,, < —7.54+(—1In§,,;;,) = —4.1
for the west side or 1y,, > 7.5 — (= In&,,;,) = 4.1 for the east side. So the gap will not
fully cover the BBC counters with the coverage 3.2 < |n| < 5.9. Also, we should note
that our diffractive data sample contains two types of runs with different maximum
BBC hits of 14/15 (75644 < RUN < 75647, 75737 < RUN < 75738), and 11/12
(75650 < RUN < 75734) for the west/east BBC. For the latter runs, some BBC
counters were not working. So we separately deal with these samples as seen in the
figures, and then combined them.

In Figures 5.5 and 5.6, diffractive dijet event distribution (full line) shows there
exists some non-diffractive (overlay) background in the high multiplicity region. From
top left plots showing the non-diffractive dijet distribution (shaded histogram) nor-
malized to the content in the maximum bin =14, it is indicated that 10.7 % (14.4 %) of

PJJ sample with E7 > 7 (10) GeV dijets can be attributed to non-diffractive overlay
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background. Top right plots show that the PJJ sample with Er > 7 (10) GeV dijets
for maximum BBC bin =11 contains 5.0 % (6.2 %) overlay background. Combining
the results of two samples of runs, we get 6.9 % (8.9 %) overlay background for Ex > 7
(10) GeV dijets. Also, by normalizing the non-diffractive FCAL tower distributions to
diffractive distributions at Ng4p, > 20, we get 6.5% (9.0 %) overlay background for
Er > 7 (10) GeV dijets. Finally, by averaging over the BBC and FCAL tower results,
we obtain 6.7 &+ 0.1(stat.) % (9.0 £ 0.3(stat.) %) overlay background for PJJ sample
of By > 7 (10) GeV dijets.

Figures 5.5 and 5.6 also show that an overlay background could be removed by
using a cut to Ngpc. When we select a cut of Ngpe < 6, we estimate a remaining

overlay background fraction F éVDDij to be
Fopi?¢ = 051 £ 0.04(stat) %  (Ep > 7GeV)
= 0.65 £ 0.12(stat.) % (Ep > 10GeV).

This cut brings the number of PJJ events from 30,439 (5,510) to 27,405 (4,866)
for Ep > 7 (10) GeV PJJ sample. The FCAL tower distributions after requiring
Nppc < 6 are shown in bottom plots of these figures. By counting the expected
non-diffractive events corresponding to the shaded regions and dividing them by the
total number of remaining diffractive events, we evaluate the above fractions. The
systematic uncertainty of background fraction is estimated by changing the cut to
Nppe < 5 or Ngge < 7. The result is a variation of £0.15% (40.15%) for Ep > 7
(10) GeV jets. We call this BBC multiplicity requirement the “low multiplicity cut”
to the dijet events, and the dijet selected by the low multiplicity cut would be thought
of as a single diffractive (SD) dijet. We use this terminology but do not claim that
all these events are actually due to pomeron exchange. From now on, the dijet event
after the low multiplicity cut will be also called PJJ class. The number of diffractive
dijet events in each dijet selection is summarized in Table 5.2.

The efficiency of this low multiplicity cut is evaluated by subtracting the esti-

mated non-diffractive overlay background from the PJJ sample, and then dividing
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the number of diffractive dijet events above BBC cut threshold by the total number of
diffractive events after overlay background subtraction. As a result, we find the BBC

cut efficiency Egan%tli to be
egp = 962 £ 0.1(stat.)%  (Ep > 7GeV)

= 96.3 £ 0.3(stat.) % (Er > 10GeV).

The systematic errors are estimated in the same way as above, to be 1.7% (1.4 %) for

two B, thresholds.

5.4 Single Vertex Selection for SD Dijet

The single vertex selection could reject diffractive dijet events with high track multi-
plicity produced in a single interaction because high particle multiplicity would produce
multiple fake vertices due to reconstruction ambiguities. Secondary particles in the
interactions between particles and the beam pipe also could make vertices. Figure 5.7
and Figure 5.8 show the BBC and FCAL tower multiplicity distributions on the west
side for Ep > 7GeV and > 10 GeV SD dijet events with multiple (> 1) vertices.

For Er > 7GeV SD dijet events, we have 30,439 dijets with a single vertex before
the low multiplicity cut. By fitting the single vertex BBC distribution to that of
multiple vertices (13,995 events) at Nppc = 0 — 2, we estimate that 48.5% (6,789.6 +
65.4) of multiple vertices could be produced in single interactions. This means the
1-vertex selection efficiency, defined as a fraction of single interaction events that pass

the single vertex cut, for £ > 7GeV SD dijet events can be estimated as follows,
30,439
lvtx )
(BBC) = = 81.8 £ 0.6(stat.) %.
=503 (BBC) = S 30 T (6.789.6 £ 65.0) (stat.) %

On the other hand, the FCAL tower distribution shows that 48.5 % (6,792.0 & 58.6)

of events with multiple vertices could be produced in single interactions. We then

estimate the 1-vertex efficiency based on west FCAL tower distribution to be

30,439
30,439 + (6,792.0 £ 58.6)

sty (FCAL) = = 81.8 + 0.6(stat.) %.
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Figure 5.7: West BBC and FCAL tower multiplicity distributions for E7 > 7GeV
dijet events with multiple vertices. The BBC is shown in top, and FCAL tower in
bottom. The dashed histograms are the distributions of single vertex data, fitted to

the low multiplicity region (Ngpc < 2 or Ngaz, < 2) of the data with multiple vertices
(full lines).
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Table 5.4: Efficiencies and background fractions of SD dijets with E; > 7GeV and
E; > 10GeV, and inclusive SD events. All the errors are statistical only.

SD Inclusive Events Nt 1,638,993 + 1, 280

= after RP acceptance correction Ng’gl’RP 2,086,855 £ 1,727
ND Overlay Background FHPBG 3.0+£0.01%
BEAM-GAS Background F&ys 52+0.02%
Single Vertex Selection Efficiency £:%%,4 88.5+0.1%

Dijet Erpin Er >7GeV | Er > 10GeV

SD Dijet Events N%, 27,405 + 166 4,866 + 70

= after RP acceptance correction Ng%RP 34,413 £ 219 6,049 £ 91
ND Overlay Background FPFS 1 0514£0.04% | 0.65+£0.12%
Single Vertex Selection Efficiency e§77; 81.8+0.4% 79.6 +0.9%
Wmulti Cut Efficiency ey 1 96.2£01% |  96.3+0.3%
HT Filter Efficiency edp T 96.9+0.2%

(Statistical Errors Only)

By taking an average of the two estimated values from BBC and FCAL tower, the

single vertex selection efficiencies for SD dijet events are estimated as follows,

eghy;, = 818 £ 0.4(stat)%  (Er > 7GeV)

= 79.6 £ 0.9(stat.) % (Er > 10GeV).

The BBC and FCAL tower results give very similar results. So, we conservatively
apply a systematic uncertainty of 10% of (1 — 5};%%) to the efficiency, according to
[64]. So the systematic error is 1.8% (2.0%) for dijet events of Ey > 7 (10) GeV.
It would be worth noting that the efficiency at Ep > 10GeV is lower than 7GeV
because higher E7 jets could make more fake vertices in single interaction events.
This is consistent with the result of [64].

The efficiencies and background fractions estimated above are listed in Table 5.4.
In the table the numbers of dijet and inclusive events corrected for the Roman Pot
acceptance are also given. This correction is done by applying a weight of 1/A(E, |t|)

to every event as a function of £ and [t|, where A(E,|¢]) is the Roman Pot acceptance

that is shown in Figure 4.8. The statistical uncertainty on the number of acceptance
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corrected events is obtained as v/, (1/A(&, [t]);)?, where the sum is carried up to the

number of events before the acceptance correction is applied.
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Chapter 6

Dijet Production by Double Pomeron
Exchange

Using SD dijet data with a leading antiproton observed in the Roman Pot (PJJ), we
search for the signal of dijet production by Double Pomeron Exchange (DPE) process.
The method used in DPE search is based on finding a rapidity gap due to the pomeron
exchange from the proton because the DPE exchange signal is expected to be observed
with zero or low particle multiplicities in the forward detectors on the outgoing proton
(east) direction. Note that a rapidity gap means strictly zero particles, however it
may not extend fully across the gap search region, in which case we can have low
multiplicity.

After discussing the dijet kinematics, we estimate the dijet production cross section
in DPE events and compare it with those of single diffractive and non-diffractive events.
In the estimation we experimentally measure the £ of the pomeron from the proton and
a corresponding rapidity gap acceptance, defined as the fraction of DPE events with a
rapidity gap on the proton side to total DPE events. These measurements will allow
us to check the factorization property for the proton and antiproton in diffractive pp
interactions. Another issue of interest is a measurement of the mass fraction of dijets

for DPE events. This quantity will provide the information of the pomeron parton
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distribution function.

6.1 Search for DPE Dijet Production

We use the gap method in search for DPE signal since we do not have the Roman
Pots for the outgoing proton side. The upper half of Figure 6.1 shows the multiplicity
distribution of the BBC hits Ngpc, (3.2 < 1 < 5.9) versus FCAL towers Noaz
(2.4 < 1 < 4.2) on the proton side in Ep > 7GeV PJJ sample of 27,405 SD dijet events
with 0.035 < € < 0.095 and |t| < 1.0 GeVZ. The subscript p means the outgoing proton
direction. The n-dependent tower threshold (Eq. (5.2)) is used for tower multiplicity.
We have put all the events with Nppc_, > 12 in an overflow bin because for this
analysis we only need to know that there were “many” hits.

We find three major components of PJJ dijet sample: 1) large multiplicity around
Ngpc—p > 1001 Noag,—p > 10, 2) low multiplicity roughly around 2 < Ngpe_, <5~ 6
or 2 < Noag, < 10, and 3) a clear spike seen in Ngpc , = Near, = 0 bin (called
(0,0) bin from now on). The former 1) and 2) are SD dijet events, but 3) implies
that there is no particle in the BBC and FCAL tower coverage, that is, a rapidity gap
extending over 2.4 <71 < 5.9 on the proton side.

The POMPOMPYT Monte Carlo simulation, a generator for DPE events (Section 7.2
in Chapter 7) predicts the shape of this multiplicity distribution for DPE dijet events
(see Figure 7.2). Details of the Monte Carlo will be described there, but one of the
impressive results is that the low multiplicity distribution of DPE Monte Carlo events
around Nppc_p, = 0 and Ngag—p, < 3 is in qualitative agreement with the data dis-
tribution. Of course it depends on the pomeron model but we obtain a consistent
distribution assuming the most probable parton density function of the pomeron.
However, a portion of the simulated DPE events spreads over a wider tower range
depending on £ of the pomeron from the proton. In addition, the multiplicity range

1 < Nppe—p <3 ~ 4 of the data would contain the background from SD dijet events
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with low multiplicity. Therefore we should carefully extract the “pure DPE events”
from the “data signal” in the (0,0) bin. In the DPE signal estimation, the POMPOMPYT
simulation would help us to understand the background distribution under the peak
at the (0,0) bin, and develop a proper estimate of the DPE contribution.

The distribution for Er > 10 GeV dijets is shown in the lower half of Figure 6.1.
The Monte Carlo simulation expects more signal concentrating at the (0,0) bin for
higher Er > 10 GeV dijets in comparison to lower 7 GeV case. It is clearly seen that
there is a rapidity gap signal due to DPE events in the (0,0) bin for this higher Ep
sample, too.

A typical event display of DPE dijet candidates is shown in Figure 6.2. This event
contains two jets with Ep = 19 GeV and 18 GeV and a good leading antiproton with
£ =0.069 and |t| = 0.0078 GeV? in the Roman Pots. Both east and west Microplugs
are almost empty due to the rapidity gaps. The number of BBC hits and forward

calorimeter tower multiplicity on positive 1 side (proton direction) are also both zero.

6.2 Estimate of the DPE Signal

In order to estimate the DPE contribution in the data signal, we looked at the diagonal
multiplicity (Nprag-,) distribution of the BBC versus FCAL tower. Figure 6.3 shows
the number of events in each (Nppc—p, Noar—p) bin and the diagonal multiplicity
distribution for Er > 7GeV and > 10 GeV dijet events. As described above, a fraction
of DPE signal events could leak out of the (0,0) bin while some SD background events
leak in. We expect that the extrapolation from high multiplicity region into the (0,0)
bin is a good scheme to extract the signal, since high multiplicity bins contain only
SD background events. Finally, after trying several methods, we have concluded that
the extrapolation along the diagonal direction from Npjag—, = 2,3, ... into the (0,0)

bin provides a good estimate of DPE events since 1) the DPE signal extending over
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Figure 6.2: A DPE dijet candidate event observed with the Roman Pots.
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Figure 6.3: BBC — FCAL diagonal multiplicity distribution on the p side for diffractive
events with dijets of (a) Ep > 7GeV and (b) Epr >10GeV. Upper half shows the
number of events, and lower half shows the distributions along the diagonal direction.

neighbor bins along the diagonal is very small, but 2) a sizeable fraction (~ 10 %) of
the DPE events extends to the next (1,1) bin, as seen in the table of POMPOMPYT
prediction (Figure 7.2).

As the next step to estimate the signal and background in the (0,0) bin, we per-
form linear fits to the diagonal distribution. We put a start point of the linear fit
at Nprag—p = 2, and then fit the distribution within the ranges up to Npjag_p =
4,5,...,10, so that 7 fits are done (this is called Fit 1). The fits from Npsae , =1
to Nprag—p = 3,4,...,10 (total 8 fits) are also done to estimate the systematic un-
certainty in the fits (called Fit 2). Figure 6.4 and Figure 6.5 show the diagonal dis-
tributions with the linear fits of Fit 1 and 2 respectively, along with the obtained fit
results (P1 is an intercept at Np;ac , = 0, and P2 is a slope of linear function). By

taking average of the intercepts and slopes over the fit range, and using the uncer-
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tainties in the fit in which the intercept and slope are closest to the mean values of
each Fit 1 and 2, we have the final linear fit functions used to estimate the DPE con-
tribution, and their systematic uncertainty from the fit. Figure 6.6 shows the results
of the fits for £ > 7GeV dijet events. As seen in the left side plot, extrapolating
Fit 1 linear function into the (0,0) bin, we obtain the number of DPE events to be
N¥,, =117.7+ 5.5(syst.) sy This systematic uncertainty is equivalent to the shaded
error band at the (0,0) bin in Figure 6.6, and it arises from the uncertainties of the fit
parameters. Finally the number of DPE dijet events in the data signal is estimated to
be
N¥pp = 117.7 £ 12.1(stat.) £ 11.0(syst.);y  (Ep > 7GeV).

The systematic uncertainty of 11.0 events is derived by adding in quadrature the
difference between Fit 1 and Fit 2 results and the uncertainties on the fit parameters.
When applying the same extrapolation method to higher Er > 10 GeV dijet events,

we obtain
Nlpp = 14.4 + 4.4(stat.) + 2.5(syst.);y  (Ep > 10GeV),

as seen in Figure 6.7.

We have tried different methods to estimate the DPE signal. The DPE signal
region was changed from the (0,0) bin to the 2 x 2 area on the 2-dimensional (Nppc_,,
Ncar—-p) plane, ie., (0,0), (0,1), (1,0) and (1,1) bins (called the range S). Then, to
estimate the background, the three expanding bands, 1) (Ngpc—p < 2, Noar, < 2)
except the range S (total 5 bins), 2) (Nggc—p < 3, Noar—p < 3) except the S (total
12 bins), and 3) (Ngpc-—p < 4, Noarp < 4) except the S (total 21 bins) were taken.
By summing up the number of events in the band 1, 2 and 3, and then dividing them
by 5, 12 and 21 respectively, we obtained the average number of background in one
bin. Under the assumption that the background distribution is flat, we obtained the

consistent number of DPE events within the uncertainty by subtracting the evaluated

number of background from the events in the (0,0) bin. Another choice of signal area
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such as 3 x 1 also gave the similar results. Consequently we conclude that the diagonal

extrapolation method would be optimal.

6.3 Single Vertex Selection for DPE Dijet

In the calculation of dijet cross section for DPE events, we have to know the single
vertex selection efficiency for DPE dijet events, as for SD events. For this purpose,
the whole data sample including events with multiple vertices is reanalyzed. Using all
the same cuts except for the vertex multiplicity requirement, two samples of 33,730
E; > 7GeV and 6,198 F > 10 GeV dijet events are obtained.

To see the effect of single vertex selection on the magnitude of DPE signal, the
multiplicity correlation between the BBC hits and FCAL towers on the proton side
(Figure 6.8 and Figure 6.9) is taken for all the dijet events including multiple vertices,
and compared with that for single vertex data. It is seen that the magnitude of the
spike in single vertex data is similar to that of events with multiple vertices, indicating
that the single vertex selection is efficient. Using the linear extrapolation scheme along
the diagonal, the number of DPE events in the (0,0) bin for data including multiple

vertices is estimated to be

NI = 122.8 + 12.5(stat.) + 10.4(syst.)  (Bp > 7GeV)

= 16.7 £ 4.6(stat.) £ 2.5(syst.) sy (Ep > 10GeV).

We therefore find that the single vertex requirement rejects Ng}%l vhe NgPE ~ b

E; > 7GeV DPE events with single interactions. Because true multiple interactions
(not single interactions with fake multiple vertices) would produce some particles in
the relevant forward detectors, they are expected to show non-zero multiplicity for
BBC or FCAL tower on the proton side. Thus, the single vertex selection efficiency

epprj; for DPE dijets is evaluated to be
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Figure 6.8: Multiplicity distribution of the BBC hits versus FCAL towers on the p side
for diffractive events with dijets of Ep > 7GeV. A spike at Ngpo_p, = Noap—p =0
for the data including multiple vertices (upper) has the similar magnitude to that for
single vertex data (lower), which indicates high single vertex selection efficiency.
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as Nfpp/ N2 = 117.7/122.8 for Ep > 7GeV. Higher Ep > 10GeV case shows
slightly lower efficiency 14.4/16.7=86.5 % with large statistical uncertainty. Recalling
the fact that the single vertex efficiency for SD dijet events is approximately constant
for both E7 thresholds, we assume this efficiency to be approximately constant at
95.9% for both thresholds in DPE events. An analogy to SD dijet would give a
systematic uncertainty of 0.4 % as 10 % of (1 — e5F% ;;), but we assign conservatively
the statistical error of 1.9 % to the systematic uncertainty.

The Hot Tower Rejection filter (Section 5.3.1) has also been applied to DPE dijet
events. The filter efficiency for DPE dijets is assumed to be approximately 100 %
because the HTFLT filter has the sensitivity mostly around the plug and forward
regions (Table 5.1), while DPE jets are more central.

In addition to these, the low west BBC multiplicity cut is used for DPE dijets as
in SD dijets (Section. 5.3.2). We obtain the efficiency for this cut by using a similar
method as in the single vertex selection efficiency above. Using the same diagonal fit

to a sample of dijet events without the low multiplicity cut, the number of DPE events

is evaluated as follows,

NPppmi = 126.2 + 12.6(stat.) + 11.7(syst.) . (Ep > 7GeV)

= 17.1 £+ 4.8(stat.) = 4.0(syst.) i (Er > 10GeV).

In the same manner the efficiency is determined to be about 117.7/126.2 = 93.3%
(14.4/17.1 = 84.2%) for B > 7 (10) GeV dijets. But, from the fact that the efficiency

for SD dijets is similar at both E7 thresholds, we decide to use
eWmult _ 933 + 2.5(stat.) %,

as the efficiency of the low multiplicity cut for DPE dijets with E; > 7 and 10 GeV.

The systematic uncertainty is taken to be 2.5 %, same as the statistical error.
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6.4 Event Kinematics of DPE Dijet

As shown in Figure 6.3(a), we observe 132 E7 > 7GeV dijet events in the (0,0) bin.
The number of DPE dijet events in the (0,0) bin is about 117.7 events and the SD
background is 14.3 (11 %). In the following plots we correct the number of observed
DPE or SD events for the Roman Pot acceptance. Figure 4.8 shows the Roman Pot
acceptance A(E,|t|) as a function of £ and |¢| with the bin width of A{ = 0.005 and
Alt] = 0.1GeV? The Roman Pot acceptance correction is done by weighting each

event by a factor 1/A(E,|t]). The corresponding statistical uncertainty is evaluated

as />, (1/A(E,]t]);)? where the sum is carried over the diffractive events. After the
correction is done, the number of events in the (0,0) bin becomes 166.2, which consists
of 143.2 DPE events and 23.0 SD background (14 %). In this section we study the
characteristics of DPE dijet kinematics (corrected for the Roman Pot acceptance) by

selecting events in the (0,0) bin.

6.4.1 Comparison with SD Dijet Sample

Figure 6.10(a) shows the ¢ and |¢| distributions of 132 events in the (0,0) bin, called
“DPE signal region” from now on. In these plots “low multiplicity” and “high multi-
plicity” SD dijet samples are compared with the DPE signal region. Low multiplicity
dijet sample is defined as diffractive dijet events with low multiplicity on the pro-
ton side, required to be Ngpc_p, < 5 and Neap—p, < 5 except for Ngpe_p, < 1 and
Neoar—p < 3. The excluded region is the area of DPE signal concentration predicted
from POMPOMPYT prediction (Ngpc—p = 0 and Ngag—p, = 0,1,2) plus adjacent bins.
On the contrary, the high multiplicity dijet sample is defined as dijet events with high
BBC or high FCAL tower multiplicity with Ngpc_, > 5 or Near—p, > 5. This class
of events contains most SD dijets. In Figure 6.10(a) it appears that events in the
DPE signal region tend to have slightly larger £ than other SD samples although not

so significant. In particular, the difference between DPE candidate events and low
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multiplicity SD sample is remarkable. One possibility of this observed trend is that
the pomeron-pomeron c.m. energy enough to produce dijet in DPE needs higher &;
another possibility is a contribution from enhanced meson exchange in large £. The
first kinematic effect is studied with POMPOMPYT Monte Carlo in Section 7.2. In
general, it is expected that the meson contribution increases at large & and small |¢],
but |¢| distributions in lower half show the similar spectra for all three samples.

The E7 distributions of leading and second jets (Figure 6.10(b)) show similar Er
spectra for all dijet samples. Figure 6.10(c) shows the 7 distributions of leading and
second jets, and the mean 7 of dijets. We see that DPE dijets are boosted toward
the negative 7 direction (outgoing p direction) in contrast to high multiplicity sample
showing shift to positive 7 side, and low multiplicity showing dijets produced almost
symmetrically. This feature of DPE events implies that the pomeron from the p
(traveling toward positive 7) has smaller momentum than the pomeron from the p
(negative n) because the accepted data has large £ by a cut of 0.035 < £ < 0.095
for the pomeron from p. The determination of £ of the pomeron from the proton is
discussed in Section 6.5. The difference of azimuthal angle ¢ between the two leading
jets is shown in Figure 6.10(d). Good back-to-back dijets are observed in DPE signal

region.

6.4.2 Comparison with SD/ND Dijet Sample

Next, DPE dijets in signal region are compared with non-diffractive (ND) dijets from
minimum-bias data, and with single diffractive (SD) dijets. As previously mentioned,
there is about 14 % SD background in events in the (0,0) bin. We subtract these
SD background from the distributions of events in DPE signal region, by assuming
that the SD background would have the same shape as low multiplicity SD dijet
sample which is already presented above. This subtraction would allow us to obtain
the kinematics of pure DPE events. Figure 6.11(a) shows E; distributions of leading
and second jets for DPE, SD and ND dijet events. The Er spectrum of DPE dijets
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is similar to that of SD dijets, but it seems to fall slightly faster than SD dijets,
seen in the second jet E; shape. Also, these two E; spectra are clearly softer than
ND dijets. As for the n distributions shown in Figure 6.11(b), a clear difference is
observed among these three samples. The DPE dijets are produced toward the west
(dijet mean n ~ —0.40) contrary to SD dijet shifted eastward (~ 0.84), and ND dijet
produced symmetrically (~ 0). These features are understood, at least qualitatively,
by kinematics of interacting objects (predominantly IP-IP for DPE, p-IP for SD and
p-p for ND). The azimuthal angle difference between the two leading jets indicates that
the DPE dijet is produced more back-to-back than single diffractive and non-diffractive
dijets (Figure 6.11(c)). This can be attributed to less radiation in the interaction of
two color singlet objects. Accordingly, these DPE dijet events are generally cleaner
with a lower level of underlying activity, than the SD or ND dijet events at the same

jet ET'

6.5 Measurement of £ for the Proton

A measurement of §, (momentum fraction of the proton carried by the pomeron) is im-
portant and essential for a comparison with any theoretical predictions. To determine

the §, without measuring the leading proton momentum, we use the formula:

M%PE = fp : fﬁ TS, (6-1)

where Mppg is the DPE system mass and &, is the momentum fraction of the antipro-
ton carried by the pomeron.
In general, the square of the mass of the system X in the reaction p +p — X is
given by
2
)

M} = (ZiEZ)Z - (=.P) (6.2)

where E; and f_’; are the energy and momentum of the sth produced particle. Assuming
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that the sum of P or P over all central particles is zero, this formula is written as

ME = (ZET6+") : (ZETW), (6.3)

where the subscript ¢ is omitted. This equation is strictly correct when the exponent
is true rapidity y, not pseudorapidity 7.
This mass formula is valid in non-diffractive (ND), single diffractive (SD), and DPE

events. In ND events, this gives the square of the ND system mass, M3, as

Mip = (SBeet) - (SBre)
N
= s (6.4)

In SD events of our Roman Pot data, a leading antiproton escapes from the system X.
However, the relation Y Epe™™ ~ /s still holds in SD events because the 7 of leading
antiproton is very large negative number. So, the square of the SD system mass, M%),
is given by

Mip = /s - (ZET(")- (6.5)

Compared with using Eq. (6.2) to SD events, this equation would enable us to estimate
the SD system mass more accurately because what we need is only a term > Epe™"
and this term is insensitive to large positive n particles which could dominate our SD

data sample. (Of course, the relation M5, = &

s where f}fp denotes the §; measured
by the Roman Pots should give the best method to obtain the true SD system mass.).
Using Eq. (6.5), we should have another method to obtain &, independently of the

Roman Pot track, as follows,

2
X Msp
7 =

S
Z ETe’"
\/E .

The superscript X means that this quantity is obtained from the SD system.
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For DPE events, the DPE system mass Mppg is related to §, by Eq. (6.1). By

using Eq. (6.3) and Eq. (6.6), we therefore evaluate the &, as follows,

(SBret) - (SEre)

xX= — (6.7)
- <ZE2?E<ZE> (6.)
_ Xhre (6.9)

NG
where the superscript X means that this quantity is obtained from the DPE system.
This derivation does not depend on the Roman Pot measured €. The term Y Epe™ is
sensitive to particles with large positive . However, DPE events contain less particles
in positively forward direction due to the rapidity gap, accordingly the use of Eq. (6.9)
is expected to be better than the use of Eq. (6.7). In addition, Eq. (6.9) also indicates
that large negative n particles from the central system do not almost contribute to
the §,. When putting Eq. (6.9) into Eq. (6.1) inversely and using the Roman Pot

measured &;, we obtain a formula to get the mass of the DPE system:

Mppg = \/ZETeJr” ) 117213 /s (6.10)

A calculation of the mass using Eq. (6.5) for single diffractive events needs all
the Er and 7 of particles produced in an event. In the calculation we select firstly
events containing at least two jets with Ep > 7GeV as usual, using the standard jet
reconstruction algorithm. A primary choice of a cone radius is R = 0.7. We apply the
JTC96 energy corrections to the jets including the relative and absolute corrections,
underlying event energy subtraction, but the out-of-cone correction is not used. Only
two highest Er jets are considered here, and the 3rd or 4th jets, even if they exist, are
not taken in account there because they are expected to have enough low energies.

For the particles outside the jets, we use the whole calorimeters in mass recon-

struction. By finding the n and ¢ of the jets in the calorimeter, we isolate the towers
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outside the jet cones (R = 0.7) and sum up their Epe™". Here we require the Ep of
each tower to be greater than the threshold given in Eq. (5.2) used for the counting
of the tower multiplicity. Also, applied is a multiplication of 1.6 to the tower detector
energy as a canonical absolute energy correction. This correction would be reasonable
also for remaining jets other than two highest Er jets that were not considered above.

In a jet reconstruction we subtract the underlying energy contribution from the jets,
but it should be included in the mass of total system. From the fixed E7 subtracted
from the jets (0.54 GeV for single diffractive jets and 0.37 GeV for double pomeron
jets) and the 7 of the jets, we could estimate the underlying event energy within
the two jet cones. Also, we have to evaluate the particles outside the calorimeter,
mostly in the BBC range, since a calorimeter coverage is restricted to n = £4.2. To
estimate the BBC particle, we assume that one BBC hit corresponds to on average
% particles because a particle within the BBC coverage has about 50 % probability of
hitting two BBC counters from the BBC structure (see Figure 3.6). A BBC particle
is assumed to have Ep = 0.5GeV and n = +4.5 (a central value of BBC coverage).
The E; = 0.5GeV is determined from the fact that the average E; of particles in
pp collisions is about 0.5 GeV. As discussed later, the definition of the BBC particle
is insensitive to the {, measurement. Next, a factor 1.5 is multiplied by the number
of BBC hits because neutral particles would be produced on average by a half of
charged particles. Finally we subtract the number of forward calorimeter towers above
thresholds within 3.2 < |n| < 4.2 from the corrected number of BBC hits with 1.5
multiplication, in order to avoid double counting due to overlap between the BBC and
the forward calorimeter.

Figure 6.12 shows the mass (top) and {; (middle) reconstructed using Eq. (6.5)
and Eq. (6.6) for single diffractive events with dijets of E7 > 7 GeV. Comparing the
fgf with the {; measured by the Roman Pots, fgp, its ratio:

R(¢) = % (6.11)

p

is shown in the bottom. If the experimental method to derive the fgf is correct (and
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the system X includes any leading forward particles, the R(§) should be 1 because
we know that & is a true &, within the accuracy of A&, ~ 107* [48]. If there is an
unobserved leading proton as in DPE events, & < & and the R(£) will be much
less than 1. Figure 6.12 (bottom) shows that the mean of R({) is about 1, which
means both the {; measurements using the Roman Pots and the final system give
approximately the same values on average.

Figure 6.13 shows (a) the & and (b) the mass of DPE system reconstructed using
Eq. (6.9) and Eq. (6.10) for DPE dijet candidates (E7 > 7 GeV) in the (0,0) bin. Both
distributions were corrected for the Roman Pot acceptance as done in the kinematics
comparison. The shaded histograms are the shapes of 14% SD dijet background
expected assuming that the background has the same distribution as low multiplicity

SD events. High flf( or high mass tail contains a large fraction of the background. The
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Ncar—p = 0. The full histograms show the case of (0.5GeV, £4.5) for BBC parti-
cle’s (Er, n), and the dashed histograms show (0.6 GeV, £4.5), the dotted histograms
(0.5 GeV, £4.0).

shapes after subtraction of the shaded distributions will be real distributions for DPE
events. But the calibration of the ff for any losses of particles, e.g., particles which
are lost below thresholds and due to detector inefficiency such as cracks, has to be
done before that.

In order to estimate this correction, we can use the R(§) distribution for single
diffractive events with zero BBC multiplicity Nggc_p, = 0 and zero FCAL tower
multiplicity Ncar; = 0 on the p direction. Recalling that the 5;;( given by Eq. (6.6)
strongly depends on large negative n particles, we expect that the reconstruction

ambiguity of 5;;( should be small by requiring Ngpc_5 = Near—5 = 0. In addition,
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(lower) for DPE candidate events with dijets of E > 7GeV (points). The shaded
histograms show the shapes of single diffractive dijet background. A multiplication of
a factor 1/0.595=1.7 is used to correct the raw ff.

the f -~ is insensitive to positive n particles and this requirement would lead to a fixed
correction being independent of the definition of the BBC particle. When the E; and n
of a BBC particle are changed from (E7 = 0.5GeV, n = £4.5) to (Ep = 0.6 GeV, n =
+4.5) or (B = 0.5GeV, n = £4.0), the R(&) distribution of all dijet events changes the
shape as shown in Figure 6.14(upper). When requiring Nggc—5 = Near—5 = 0, R(§)
is fully constant as in lower plot. From the mean of the distribution for £ = 0.5 GeV,
n = £4.5 (full line), we obtain an averaged correction factor to the raw &, to be 1/0.595
= 1.7. This factor can be used to correct for the raw &, but we have to note that it is

valid only on average, not on an event-by-event basis.
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Applying a factor 1.7 multiplication to the raw f;( distribution, we obtain the
calibrated f;( distribution for DPE dijet events, presented in Figure 6.15 (corrected

;,Y is referred to as & (°“") in the following text and plots). It is seen that most DPE

p
events in the (0,0) bin have the corrected & within the range 0.01 < ff(w”) < 0.03.
The f;( (corr) and Roman Pot measured & would allow us to estimate the central DPE
system mass, Mj ™ given by Eq. (6.1). The corrected mass M <o distribution

is shown in Figure 6.15(lower).

6.5.1 Rapidity Gap Acceptance

A separation of single diffractive to non-diffractive events is essential for diffractive
analysis. For DPE analysis of our Roman Pot data, a separation of DPE to SD event
is important. Particularly if we obtain pure DPE event sample, we can estimate,
independently of the Monte Carlo, the rapidity gap acceptance, defined as a fraction
of the number of DPE events in the (0,0) bin on the proton direction to that of total
DPE events. Our scheme based on the diagonal distribution of the BBC and FCAL
tower multiplicities gives a good estimate of the rapidity gap, as seen in Figure 6.3,
but even this method contains about 10 % single diffractive background under the
peak in the (0,0) bin. However, the calculation of f;( using Eq. (6.9) indicates that
single diffractive events have much larger f;,‘( than DPE events because most SD events
contain much more particles with large positive 1. This provides us a possibility of
separating the DPE to SD event based on the f;(.

Figure 6.16 shows the ff =" Epet/\/s for all single diffractive dijet events. The
mean of distribution, 0.26, is about a factor 16 larger than that of DPE events (0.016),
which is shown as a shaded histogram in an expanded view of low ff range. Also seen
in the figure is that the very low fl’;{ range 0.0 < fﬁ( < 0.02 is almost completely dom-
inated by DPE dijets in the (0,0) bin. As mentioned above, the diagonal distribution
clearly shows a rapidity gap signal in the (0,0) bin, so combining the diagonal multi-

plicity and fgf would clearly show the separation between DPE and SD dijets at low
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Figure 6.16: 5;( distribution for all diffractive dijet events of Ej > 7GeV. Lower
half is an expanded view of low & range & < 0.15. The dashed (dotted) histogram
represents single diffractive events with high (both high and low) Ngpc_—, and Neagp
multiplicities. The shaded histogram shows the DPE dijet candidates with Nggc_, =
Nppc—p = 0. All the f;( distributions are not corrected for the detector inefficiency.
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X

» range. We display its correlation in Figure 6.17 before applying the correction of

factor 1.7 multiplication. As expected, SD dijets have always large &, ~ 0.25 and large
diagonal multiplicity > 10, while DPE dijets make a clear peak at very low f;( region
0.0 < ff < 0.02 and zero diagonal multiplicity. The background from SD dijets under
the peak is at the level of a few events or less. Consequently we are able to obtain
clean DPE sample by selecting events with 0.0 < f;( < 0.02 (roughly corresponding
to corrected fzf( range 0.01 < fzf((c‘”“’“) < 0.03). The SD event background within this
range is very small, but it can be estimated using the f;( distribution for events with
Ngpc-p = Nearp (ie., 1 dimensional projection of Figure 6.17). Performing the
linear fits to ff distribution of events dominated by SD and extrapolating the fit into
the range 0.0 < f;,‘( < 0.02, we estimate the number of SD background events in this
range to be 3.0 £0.7.

Given that the background with 0.0 < f;( < 0.02 is very small, we show in Fig-
ure 6.18 the multiplicity distribution, corrected for the Roman Pot acceptance, of the
BBC hits versus FCAL towers for dijets with Er > 7GeV and 0.01 < &) < 0.03.
The number of events in the (0,0) bin Ng ) (all bins N;yq) is 87.5 (104.5), which gives

the rapidity gap acceptance:
Agp = 83.7 £ 11.1 %,

by dividing Ng,0) by Nyotar- We take 0f5%)/Niotar = 10.5 % as a statistical uncertainty of
Agap, Where oty = />, (1/A(E, [t]);)? and here A(E, [t]) is the Roman Pot acceptance

gap>

and the sum is carried over the events in the (0,0) bin up to the number of events
before the Roman Pot acceptance correction. For the systematic uncertainty we assign
2.3% in analogy to the live time acceptance described in Appendix B. In addition,
for the SD background of 3.0 events we apply an additional 2.9 % (=3.0/104.5) error
as the systematics. Adding them in quadrature gives the total error of 11.1 %.

For events with dijets of £y > 10GeV, we evaluate Ay, = 74.4% in the same
way. Given that a statistical uncertainty is pretty large (~ 30 %), it would be natural

to regard the acceptance at Ep > 10GeV as being consistent with the result for
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Figure 6.17: Correlation between the diagonal multiplicity of the BBC hits and FCAL
towers, and 55( for all diffractive dijet events of Er > 7 GeV. Lower half is an expanded
view of low 55( range 55( < 0.15 and low diagonal multiplicity Npjag—p, < 7. DPE
events make a peak at very low 513( < 0.02 and zero diagonal multiplicity.
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Figure 6.18: Multiplicity distribution of the BBC hits versus FCAL towers for diffrac-
tive events with dijets of B > 7GeV and 0.035 < £ < 0.095, 0.01 < £X“r) < 0.03.
Lower half shows the number of events in each bin. The Roman Pot acceptance was
corrected for events, so the number of events is not an integer.
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Er > 7GeV. This is reasonable because we expect that a rapidity gap acceptance
depends on primarily the structure of the exchanged object (parton distribution) or the
¢ range (rapidity gap width), not the Er of jets (hard process). The number of events
in the (0,0) bin (all bins) with 0.01 < £X") < 0.03 for By > 10GeV dijets is 6.1
(8.2) and it is quite smaller than what we measured using the diagonal extrapolation,
14.4 & 4.4(stat.) & 2.5(syst) ;. This is due to that a requirement of higher F; dijets
for DPE events kinematically makes f;( larger because the jets dominate DPE system.
Figure 6.19 shows the corrected 5;( distribution for events in the (0,0) bin with dijets
of Er > 7GeV (upper) and E7 > 10 GeV (lower). Seen in the figure is that the higher

corr)

Er data have larger ff as expected, hence the range 0.01 < ff( < 0.03 covers only

a small portion of events in the (0,0) bin. Hereafter we simply refer to the corrected

5;( as &p.

6.6 Measurement of Dijet Cross Sections

6.6.1 Non-Diffractive Dijet Cross Section

In the sample of 340,685 inclusive non-diffractive (ND) events, we observe 32,629 and
10,514 dijet events with Er > 7GeV and Ep > 10GeV respectively, as listed in
Table 5.3. To estimate the ND dijet cross section, the number of dijet events divided
by the number of inclusive events is normalized to the measured BBC cross section
oppc = 51.15+1.60(syst.) mb [39, 40, 41]. Thus the non-diffractive dijet cross section

is obtained in the following way:

.. Nincl
- N]JVJD ND
Ji o _ .
OND T | ZHTFLT . _Zvix_ E  Ni| x opac, (6.12)
NDjj NDjj i=1

where N¥/,, (N§'5) is the number of non-diffractive dijet (inclusive) events, and e ¥ 5,557

is the HTFLT filter efficiency 96.9 +0.2(stat.) % obtained in Section 5.3.1. N¥f is for

inclusive events before the Z,..4., cut.
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The efficiency of this Z,.,.., cut to dijet events, sﬁ%ﬁj, is obtained as follows. The

Zyerter distribution of events can be approximated as
dL _z 2 — Zmin )
T X e 205/ [1 + (T)] (6.13)

where z,,;, is the mean of the 7., distribution, and §* is the Tevatron low beta

quad parameter, o, is the longitudinal bunch length [57]. Figure 6.20 shows the Z,,, ¢,
distributions of inclusive diffractive (upper) and non-diffractive (lower) events along
with the fits to the distributions within |Z,,,,| < 60 cm. Both the distributions are
well parameterized within the fit range. We can evaluate the efficiency to be ¢2V%% =

e ar(z) / fj;o dL(z), but we restrict the integration range within +150 cm in the

—60cm

calculation. The obtained value for non-diffractive dijet events is
eXDs; = 95.9 £ 2.0(syst.) %,

and it is similar to that for inclusive events. An error of 2.0% is quoted from [57],
which was obtained in comparison with various fit results for Run 1B minimum-bias
data.

We know that the average number of non-diffractive interactions per bunch crossing

for every event is given by

E::nst * OBBC - (1 —0.002704 - 'C;:nst)
Jo ’

where £ ., is the instantaneous luminosity of the ith event, and f, = 286.278 kHz is

(n); =

(6.14)

the Tevatron bunch crossing frequency. The term [1—0.002704- L%, ] is the accidental
correction factor for L£!,., [58]. The Poisson statistics gives the following correction

factor as an event weight for every event:

NS TSR PG) T T e

Finally, dividing the number of dijets by the efficiencies and a sum of event weights

(6.15)

over all inclusive events, the ND dijet cross sections is estimated as given in Table 6.1.
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Figure 6.20: Z,.4e, distributions for diffractive inclusive sample (upper) and non-
diffractive minimum-bias sample (lower). Shown as the thick lines are the fit functions
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Table 6.1: Cross section of non-diffractive events with dijets of £, > 7GeV and

E; > 10GeV. All the errors are statistical only.

Dijet Erpin | Ex > 7TGeV | Er > 10 GeV
ol 5.04 +0.03mb | 1.62+0.02mb

(Statistical Errors Only)
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6.6.2 Single Diffractive Dijet Cross Section

To estimate the cross section of single diffractive (SD) dijets, the background contri-
butions in the inclusive diffractive sample should be obtained. We expect that the
inclusive sample contains 1) non-diffractive overlay background like the dijet events,
and 2) background from the beam-gas interactions other than the normal beam-beam
interactions. The overlay background of ND events can be determined, in analogy to
the dijet case, using the west BBC and FCAL tower distributions. Figure 6.21 shows
the multiplicity distributions for the relevant forward detectors in inclusive diffractive
events with 0.035 < & < 0.095 and [t;] < 1.0GeV?. The high multiplicity range
shows an enhancement, which is attributed to the overlaying ND events. Using the
same evaluation as in the dijet case, the overlaying ND background is estimated to be

3.0 £ 0.01(stat.) %.

22,700.5 + 49273.9
FND.BG BB — ) — 44
spin (BBO) 497,856 + 1,141,137 %,
19,512.5 + 5,815.2
FAPSG(FCAL) = —o 2T — 15%,

497,856 + 1,141,137

FNPBG(BBC) + FYNPBG(FCAL
FéVDD”?CCl} _ SDmcl( ) 5 SDmcl( ) _ 30:|:001(Stat) %

Comparing with the case of dijets, the BBC and FCAL tower results are slightly
different. So that, we use a half of their difference (1.4 %) as a systematic uncertainty.

Second, beam-gas interaction background is expected to have a low multiplicity on
the proton side [59]. Figure 6.22 shows the east BBC and FCAL tower distributions
in the same inclusive sample as above. Both distributions show the peaks at zero
multiplicity bin and their magnitudes are consistent with each other. A straight line
fit in the range 2 < Nppc < 7 gives a fraction of excess events, 5.2 £ 0.02(stat.) %,
by extrapolating the fit to zero multiplicity bin. The observed peak is most probably
attributed to beam-gas interaction background, so this fraction is taken as the beam-

gas background fraction in inclusive diffractive sample.

FSAS . = 5.2 £ 0.02(stat.) %.
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Figure 6.21: BBC hit (upper) and FCAL tower (lower) multiplicity distributions for the
p side in inclusive diffractive events. Left (right) side shows the distributions for runs
of maximum BBC hit=14 (11). The distributions of non-diffractive sample (shaded
histograms) are normalized to the contents of diffractive sample (full histogram) at
the maximum BBC hit bin Ngpc_, = 14 or 11, and Negyp—p, > 20.
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Figure 6.22: BBC hit (left) and FCAL tower (right) multiplicity distributions for the
p side in inclusive diffractive events. The peak at zero multiplicity bin is attributed to
the beam-gas interaction background.

A straight line fit gives an error of 0.02% on beam-gas background fraction, so this is
included as a systematic uncertainty.

Not only the dijet sample, but also the inclusive one should be corrected for the
single vertex requirement. In the inclusive sample we have to take care of two possible

cases:

case 1 A single interaction in pp collisions may not be reconstructed as a visible
vertex due to some possible ambiguities (detector inefficiency, soft collision,

4

etc.). In this case we obtain “zero vertex” events.

case 2 A single interaction event with relatively high particle multiplicity could have

multiple fake vertices.

In the dijet case we consider only the case 2 because dijet events have always a recon-
structed vertex.
For case 1, we sample the data with no vertex requirement in the trigger. This sub-

sample (110 K events) is identical to that used in a cross check of live time acceptance
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Figure 6.23: Number of class> 5 vertices in inclusive diffractive events (left), and the
subsample which was triggered without any vertex requirement (right).

in Appendix B. The vertex multiplicity distribution for class > 5 in this sample is
shown in the right side of Figure 6.23 (right). The distribution with number of vertices
> 1is very similar to that of our whole data sample (left) used in main analysis. From
this multiplicity distribution without any bias of vertex cut, we know that the ratio of
zero vertex to single vertex data is Ry, = 34.9 + 0.1(stat.) %. Figure 6.24(top) shows
the east BBC multiplicities of zero vertex sample (first bin of Figure 6.23), compared
with those of single vertex sample. Left is for the sample with maximum BBC hit
=15, and right for =12. Normalization of single vertex to zero vertex data at the
maximum hit bin gives the fractions of 18.1% and 21.5% for both samples. When
we apply these fractions to tower multiplicity distributions of single vertex data, and
superimpose them on the zero vertex ones as shown in Figure 6.24 (middle left), the
shapes of both distributions are different. Therefore, taking the ratio of these two
tower distributions (middle right), then multiplying the single vertex shape by this ra-
tio, we obtain the reasonable distributions normalized to the zero vertex shape. These
are shown in the bottom two plots. In the calculation of the ratio, an exponential fit is

done to the plot (middle right) in the range 8 < Ng 47 < 28 and then the fit function
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values are multiplied by the FCAL tower distribution of single vertex data for whole
Nc¢ap, range. Shown in the figure is only for the sample with maximum BBC hit =15,
but it is done for the sample with maximum hit =12 separately. The obtained dis-
tributions indicate the fractions of 18.4 % and 23.8 % for two types of samples, which
are consistent with the BBC values above. Combining two samples of data and taking
the average of obtained numbers for the BBC and FCAL tower, we evaluate a fraction
of single interactions in zero vertex events to be Fyy, = 21.3 £ 0.1(stat.) %. These
evaluations allow us to obtain the number of single interaction events in the whole

zero vertex data to be
Nijg = N{p' x Ry x Fyg = 121,782 & 627(stat.),

where NI = 1,638,993 is the number of diffractive inclusive events with relevant
analysis cuts used in the main analysis. The systematic uncertainty of IV, /, is estimated
to be £4, 582 events, which is originated from half of difference between the BBC and
FCAL tower results.

For case 2, the method used in dijet case can be used again. Figure 6.25 shows the
west BBC and FCAL tower multiplicities in a sample of multiple vertices, compared
with those of single vertex. By normalizing the low multiplicity range (Nggc < 2 or
Near < 2) of single vertex shape to that of multiple vertices, the fractions of single
interactions in events with multiple vertices are obtained to be 83.2% (75.1%) from
the BBC (FCAL tower) shape comparison. From the total number of events with

multiple vertices N>, = 124,640, the average of BBC and FCAL tower values gives
Nl/ZQ = 98,623 + 222(875&75),

which is the number of single interaction events in a whole sample of multi-vertices.
A half of difference between the BBC and FCAL tower values, 45,066, can be used
as a systematic uncertainty. Finally, from these two numbers of Ny and Ny /5o, we

estimate the single vertex selection efficiency of diffractive inclusive sample as follows,
incl
lvtx N SD

€SDincl = incl Zutx
NS + (€505 - Nijo) + Nijso
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Figure 6.24: BBC hit and FCAL tower multiplicity distributions for the p side in zero
vertex sample (full histogram), compared with those of single vertex sample (dashed
histogram). Each plot is described in the text.
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Table 6.2: The ratio of dijet to inclusive diffractive events, and cross section of dif-
fractive events with dijets of £ > 7GeV and Ep > 10GeV. The kinematic range of
the measurement is given at the top of the table. The data is corrected for the Roman
Pot acceptance. All the errors are statistical only.

0.035 < & < 0.095, |t;] < 1.0 GeV?
Dijet Erin | Er > 7TGeV | Er > 10 GeV
R¥ (SD) | 2.07+0.02% | 0.37+0.01%

o 16.2 + 0.1 ub 2.9+ 0.1 ub
(Statistical Errors Only)

= 88.5 £ 0.1(stat.) %,

where €297 . = 94.4% is the efficiency of the cut |Zyepee] < 60cm to diffractive
inclusive sample, which is measured by using the previously described fit to Z,c,teq
distribution.

The cross section of SD dijets is now calculable by the following equations:

oy = RJ,(SD) x o4f, (6.16)

"7 . l?
N (1 - F357°) / Ngp ™"+ (1= Foimed) - (1 = F§pina)

(6.17)

6Wmulti . 6HTFLT . 61111531; gl’utx' )
SDj SDjj SDjj SDincl

where RY (SD) is the ratio of dijet to inclusive diffractive cross section. The number

of diffractive dijet events is normalized to that of diffractive inclusive events after

the data is corrected for the Roman Pot acceptance, then it is multiplied by single
incl

diffractive cross section og}; integrated over our kinematical range 0.035 < £ < 0.095

and [t| < 1.0 GeV?. We use
o = 0.78 + 0.16 mb,

as single diffractive cross section, where an error of 0.16 mb is assigned as an overall
20 % uncertainty of 0.78 mb. This value is obtained in the evaluation of the cross

section based on the CDF published results of single diffractive cross section at /s =
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1800 GeV [37]. Substituting the evaluated efficiencies and background contributions
shown in Table 5.4 into the equation, we obtain R¥ ,(SD) and ¢%,, as in Table 6.2.

It is worth noting that RY ,(SD) is a factor 5 lower than o%,,/onp for Ep > 7GeV;

i.e., SD events are less efficient at producing jets.

6.6.3 Double Pomeron Dijet Cross Section

Finally we have estimated the cross section of the dijet produced in Double Pomeron
Exchange (DPE) events. The kinematic range of our measurement is 0.035 < &; <
0.095, 0.01 < &, < 0.03 in &, and |t;| < 1.0GeV?, all |t,| (integrated) in ¢. The

following equations allow us to derive the DPE dijet cross section.

JJ _ Jj
Ropre =
SD
Jj, RP Jj, RP ND BG
NDPE NSD '(1_F5Djj ) (6 19)
€Wmulti . SHTFLT . Elvtw A €Wmulti . a,_:HTFLT . a,_:11115313 ’ )
DPE jj DPE jj DPE jj LIVE SD jj SD jj SD jj

where R% is the ratio of DPE to SD dijet cross section, and o, is the SD dijet
cross section obtained above. The number of DPE and SD dijet events are corrected
for the Roman Pot acceptance. Also, the number of DPE dijet events is corrected for
the rapidity gap acceptance Ag,, = 83.7 = 11.1%. From the measured values of the
efficiencies and background fraction listed in Table 6.3, the DPE dijet cross sections
are obtained along with the cross section ratios: DPE relative to SD, SD to ND and
DPE to ND dijet for both E; > 7GeV and E; > 10GeV thresholds and they are
given in Table 6.4. In Eq. (6.19), Ar ;v g is the “live time acceptance” which is used to
correct for the occupancies of the BBC and forward calorimeter by the detector noise
or particles from soft interactions which are not reconstructed as the visible vertices.

In Appendix B we evaluate this acceptance and obtain it to be

ALIVE = 970 + 27(8y8t) %
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Table 6.3: Efficiencies and background fractions evaluated for DPE and SD dijet events
of Er > 7GeV and Ep > 10GeV. All the errors are statistical only unless explicitly
mentioned.

Dijet Erin Er >7GeV | Er > 10GeV
DPE Dijet Candidates N¥op 117.7+12.1 144+4.4
= after RP acceptance correction Ng}fép 143.1 £13.8 17.4£5.0
Single Vertex Selection Efficiency 357 j; 95.94+1.9%
Wmulti Cut Efficiency £ Bt 93.3+25%
HT Filter Efficiency EDbEy, 100 % assumed.
SD Dijet Events NE, 27,405 £ 166 4,866 + 70
= after RP acceptance correction Ng%RP 34,413 £ 219 6,049 £+ 91
ND Overlay Background FEPFe 1 0.51+£0.04% 0.65+0.12%
Single Vertex Selection Efficiency 5555, 81.8+0.4% 79.6 +0.9%
Wmulti Cut Efficiency gt 96.2 +0.1% 96.3 + 0.3 %
HT Filter Efficiency Xy 96.9+0.2%
Live Time Acceptance ALve 97.0 £ 2.7(syst.) %

(Statistical Errors Only)

From the table we conclude that the measured cross section ratios of DPE to SD and

SD to ND dijet events are all at similar level of 0.2-0.4 %.

6.6.4 Systematic Uncertainty

The most dominant systematic uncertainty on the dijet cross section is expected to
be due to the jet energy scale. A jet in CDF is generally defined as the sum of Ep
of calorimeter towers within a 7-¢ cone of radius R. The R is typically selected to be
0.4, 0.7 or 1.0. The Er of jets reconstructed with CDF algorithm is estimated to be

correct within the following accuracy:

AEI = 32 + 1.5(stat) + 4.1(syst.)%  (Cone R = 0.4),
AEK = 1.8 + 1.3(stat.) % (Cone R =0.7),

for the jet with raw EJ > 8 GeV and |7’®| < 2.4 (a cone radius of 0.4 or 0.7) [61].

From this, we assign the systematic uncertainty of R = 0.4 jet (£4.1%) to R = 0.7 jet
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Table 6.4: The ratios of DPE to SD, SD to ND and DPE to ND dijet production
cross section, and the cross section of DPE events with dijets of £ > 7GeV and
E; > 10GeV. The kinematic range of the measurement is given at the top of the table.
The DPE and SD data are corrected for the Roman Pot acceptance. In addition, the
rapidity gap acceptance correction is applied for DPE data. All the errors are statistical
only.

0.035 < &, < 0.095, 0.01 < £, < 0.03, |t,] < 1.0 GeV?

Dijet Er,.in Er > 7GeV Er > 10GeV
Roee 0.27 +0.03 % 0.12+0.03%
Rsp 0.32 4 0.003 % 0.18 +0.004 %
Rpre [0.86 & 0.09] x 107° | [0.21 £ 0.06] x 107°
oo 43.6 + 4.4nb 3.441.0nb

(Statistical Errors Only)

that is the case of our jet. Then we add the additional +3.0 % in quadrature because
our Ep threshold (corrected Ep > 7GeV or 10 GeV) is lower than raw Ep > 8 GeV so
the uncertainty should be larger. For the forward jets with [7®| > 2.4, we further add
the £2.5% uncertainty [60]. Hence we obtain the total jet energy scale uncertainty
SEI to be

SENY = 456% (|| < 2.4), (6.20)
SEN = 461% (¥ > 2.4). (6.21)

The uncertainty on the underlying event (UE) energy § EY¥ which we should sub-
tract from the jet will have a large contribution to the total systematic uncertainty. As
discussed in the dijet event selection of Section 5.3, we assign the £30 % uncertainty
to the UE energy subtraction for all the DPE, SD and ND dijets. So that, subtracted
from the jets are 1.16 £ 0.35 GeV, 0.54 £ 0.16 GeV and 0.37 £ 0.11 GeV for DPE, SD
and ND dijets respectively. Here the DPE dijet event is defined as the dijet event with

NBBc’fp = NCApr = 0.
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Table 6.5: Systematic uncertainties on non-diffractive dijet cross section for dijets with
Er > 7GeV and Ep > 10GeV.

For ND Inclusive Events
BBC Cross Section 3.1%

Average Number of ND Interactions 1.0%

For ND Dijet Events Er > 7GeV | Er > 10GeV
Jet Energy Scale 13.9% 23.4%
Underlying Event Energy 13.8% 15.8%
HT Filter Efficiency 0.5%

Zyertex Cut Efficiency 2.0%
Total Systematic Uncertainty 20.0 % ‘ 28.5%

Uncertainty on Non-Diffractive Dijet Cross Section

We have evaluated the non-diffractive dijet cross section using Eq. (6.12) and the
results are given in Table 6.1. The systematic uncertainties taken into account on the
cross section are listed in Table 6.5. The uncertainties from the jet energy scale and
UE energy are evaluated by changing their values by +10 = 6E%et or 6 EY¥ and taking
the lager differences in the number of dijet events. The BBC cross section uncertainty

is estimated from Eq. (3.5) to be

JJ

afij S 0BBC
In the calculation of the average number of non-diffractive interactions per bunch
crossing, we use ogpc, SO ogpc uncertainty could affect the total number of non-
diffractive interactions. This effect causing from ogpc uncertainty is estimated to be
about 0.2% by changing the oppc value by £1o. Other possible uncertainties (e.g.,
instantaneous luminosity) could contribute, and so the total uncertainty on the number
of inclusive non-diffractive interactions is assigned to be 1.0 %. The uncertainties from
HTFLT filter and Z,,, ., cut efficiencies are estimated to be
sollp o

= = 05% (HTFLT Filter Efficiency)
£

3J
o
ND |,

= 2.0% (Zyertex Cut Efficiency),
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Table 6.6: Systematic uncertainties on single diffractive dijet cross section for dijets
with £ > 7GeV and Ep > 10GeV.

For SD Inclusive Events
Inclusive Diffractive Cross Section 20.0%

ND Overlay Background 1.5%
BEAM-GAS Background 0.02%
Single Vertex Selection Efficiency 1.6 %

For SD Dijet Events Er > 7GeV | Er > 10GeV
Jet Energy Scale 23.1% 30.5%
Underlying Event Energy 11.3% 9.1%
ND Overlay Background 0.2% 0.2%
Single Vertex Selection Efficiency 2.2% 2.5%
Wmulti Cut Efficiency 1.7% 1.5%
HT Filter Efficiency 0.5%

(&, tp) resolution 1.3% 1.7%

Total Systematic Uncertainty 32.8% 37.8%

from enp ;" = 96.9 £ 0.5(syst.) % and €345, = 95.9 + 2.0(syst.) %. Including all the

uncertainties, we finally obtain the following non-diffractive dijet cross sections o%/,:

Eift > 7GeV 5.04 + 0.03(stat.) + 1.01(syst.)mb
Eit > 10 GeV 1.62 + 0.02(stat.) + 0.46(syst.)mb

For B > 7GeV dijets, the jet energy scale and UE energy uncertainties contribute
roughly at the same magnitude, but for the higher threshold of Er > 10GeV, the

most dominant uncertainty is due to the jet energy scale.

Uncertainty on Single Diffractive Dijet Cross Section

In addition to the jet energy scale and UE energy, the uncertainties on the efficiencies
and background contributions, and the resolutions of §; and ?; are taken into account.
Sources of possible systematic uncertainties are listed in Table 6.6. As described in

Section 6.6.2, we assign a 20 % uncertainty (0.16 mb) on single diffractive cross section
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onel = 0.78 mb, which results in the same uncertainty on the dijet cross section.

Jj
dogp

Jj
USD o.incl SD
SD

Basically the uncertainties of the efficiencies or non-diffractive overlay background are
obtained as the difference between the two independent measurements, as described

previously. Their uncertainties on the cross section are given as follows,

J
= ; = 05% (HTFLT Filter Efficiency)

JJj
dogp
Jj
25)

€

= 1.7(1.5)% (Wmulti Cut Efficiency)
= 22(25% (Single Vertex Efficiency for Dijet)

= 1.6% (Single Vertex Efficiency for Inclusive),

for the efficiencies of dijet events of Ep > 7 (10) GeV, and

_GF
T 1-F

Jj
dogp

= 02% (ND Overlay Background for Dijet)

¥ |,
= 15% (ND Overlay Background for Inclusive)

= 0.02% (BEAM-GAS Background),

for the background fractions, given in Table 6.6.

The §; and ¢; reconstructed from the Roman Pot tracks have the typical resolutions
of 6¢, ~ 107% and 6t; ~ 0.1 GeV?. When we select the data within the region 0.035 <
& < 0.095 and |t;| < 1.0GeV? in the main analysis, the selected data would have the
effect of this finite resolution. For Ep > 7 (10) GeV dijet and inclusive events, we
find that the number of SD dijet and inclusive events after the Roman Pot acceptance
is corrected could change by about £2.5% (£2.9%) and +1.2% respectively, under
the variations of §; £ 0§; and ¢; £ dt;. Therefore, in the calculation of SD dijet cross
section, their uncertainties for Ep > 7 (10) GeV dijets are partly canceled out and

then reduced to +1.3% (£1.7%) by taking the ratio of number of dijet to inclusive

events.
i ij, RP incl, RP
d08p ~ 14+ % 14+ % -1
Jj ~ jj, RP incl, RP
25) Ngp Ngp
(gﬁatﬁ)
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= [1+0.025(0.029)]/[1 + 0.012] — 1

= 1.3% (L7%).

The obtained values of SD dijet cross sections aJS'-’b including these possible uncertain-

ties are given below:

0.035 < £, < 0.095, |t,| < 1.0 GeV?

Ei® > 7GeV 16.2 + 0.1(stat.) £ 5.3(syst.) ub
E3¥' > 10 GeV 2.9 + 0.1(stat.) £ 1.1(syst.)ub

Uncertainty on Double Pomeron Dijet Cross Section
From Eqs. (6.16) (6.17) and (6.18) (6.19), the cross section of DPE dijet events is given
by

JJ — JJ

_ JJ incl
= RDSPDE‘ X Rmd(SD) X O0sp

)

Wmulti HTFLT lute lutx

Jj, RP wncl, RP ND BG GAS
NDPE NSD '(l_FSDincl)'(l_FSDincl
€DPEjj  €DPE jj " €DPE jj “ALve €SD inel

x ol

So the uncertainty on the DPE dijet cross section depends on the ambiguity of the
measurements for DPE dijets and inclusive SD events. As in ND and SD events, we
estimate the dependence of the number of observed DPE events on the jet energy
scale and UE energy. Figure 6.26 shows the diagonal multiplicity of the BBC hits
versus FCAL tower on the p side for diffractive dijet events of E > 7GeV after the
jet energy is scaled up or down by 1o (=5.6% for |’*| < 2.4, 6.1% for |’*!| > 2.4).
From the observed number of DPE events, 159.4 (81.0) for 1o up (down), we find
that the number of DPE events could change by about 35% at most due to the jet
energy scale uncertainty. Also, by varying the UE energy by 1o = £30%, there are
101.4 (126.7) events observed for the case of increasing (decreasing) UE energy. This

indicates that the uncertainty on the number of observed DPE events is about 14 %

141



Nfit=a X N(DIAG) + N(0)

2=Nu(DIAG)=4,5,...,10 2=N,(DIAG)=4,5,...,10
7‘ T T ‘ T T ‘ 1T ‘ T T ‘ T T L 7‘ T T ‘ 1T ‘ T T ‘ T T ‘ 1T ]
200 E @ Data ] QOO r @ Data ]
- 0=4.01£1.06 4 + a0=2.91%0.99 R
150 [ N(0)=25.64+5.85 | 150 [  N(0)=13.98+4.95 |
T B >7 Gev ] T B >7 Gev 1
100 T NO EUE) variation B 100 4_ NO E;(UE) variation N
C B C ]
- 5 - .
2 60 L e = 50 L 4 '0'0"‘:,‘:;:3':'
-E "“5‘:{‘%& s 1 L .,.x.'o'xé‘?t%ig?:ii@{ﬁ:&
@ = ] B o
> O 7‘ | ‘ | ‘ L1 ‘ | ‘ | ‘7 O Y’A L ‘ L1 ‘ | ‘ | ‘ L1 ‘7
Lol 0O 2 4 6 8 10 O 2 4 6 8 10
Y— jet jet
o +10 B/ scale up —10 E/* scale down
L T T T T T T T T T T T T T T T T T T T T T T T T
0200 | | 4 200 | T
c i DPE(0,0) ] r DPE(0,0) 1
35 150 - =185-N(0) 1 150 L =95 - N(0) |
Z L =159.4+5.8 L =81.0£5.0 i
100 - 100 ¢ -
50 | 4 50 b -
v avavi0i0 e— G— XXX <
i '" | N 5:5:.%:::::;:‘3%2?:?:?:?2?:?2:35& ‘
O [ T [ [ O [ T | T | I
0 1 2 0 1 2

DIAGONAL (BBC=FCAL TOWER) ——>

Figure 6.26: Linear fit results to the diagonal multiplicity distribution between the
BBC hits and FCAL towers on the p side for diffractive events with dijets of Ep >
7GeV. Left (right) plots are for jets whose Er was scaled up (down) by lo (=5.6%
for || < 2.4, 6.1 % for |¢"| > 2.4). The fits were done for the range 2< Nprag_, <
4,5,...,10 to estimate the DPE events. The shaded bands correspond to the fit
functions varying with the £1o uncertainties of intercepts N(0) and slopes a. Lower
half shows the region of Npjag_p < 2.
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Figure 6.27: Linear fit results to the diagonal multiplicity distribution between the
BBC hits and FCAL towers on the p side for diffractive events with dijets of Ep >
7GeV. Left (right) plots are for jets from which the underlying event energy increased
(decreased) by lo (=30%) was subtracted. The fits were done for the range 2<
Nprac—p <4,5,...,10 to estimate the DPE events. The shaded bands correspond to
the fit functions varying with the +10 uncertainties of intercepts N(0) and slopes a.
Lower half shows the region of Npjag—, < 2.
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Table 6.7: Systematic uncertainties on double pomeron dijet cross section for dijets
with Fr > 7GeV and Ep > 10GeV.

For SD Inclusive Events
Inclusive Diffractive Cross Section 20.0%

ND Overlay Background 1.5%
BEAM-GAS Background 0.02%
Single Vertex Selection Efficiency 1.6 %

For DPE Dijet Events Er > 7GeV | Er > 10GeV
Jet Energy Scale 40.5 % 39.2%
Underlying Event Energy 16.7% 25.5%
Linear Fit for DPE Signal Estimate 9.6 % 25.6 %
Single Vertex Selection Efficiency 2.0%

Wmulti Cut Efficiency 2.6 %

Live Time Acceptance 2.8%

Rapidity Gap Acceptance 4.4%
(&, tp) resolution 1.3% 1.7%
Total Systematic Uncertainty 49.6 % 57.4%

at most, as shown in Figure 6.27. These variations are relatively large, compared with
those of ND or SD dijets, since the DPE events are dominated by events with low Ep
dijets.

The uncertainties causing from the acceptances are evaluated as follows,

00 gPE _ %

39 A

IDPE |4

= 28%

(Live Time Acceptance)

= 44% (Rapidity Gap Acceptance),

from Aj;vp = 97.0 & 2.7(syst.) % and A,,, = 83.7 + 3.7(syst.) %. There could be
also the resolution effects of reconstructed §; and ¢; for DPE events, but it would be
difficult to estimate it due to small statistics. We therefore assign the same uncertainty
as SD dijet events, £2.5% (£2.9%) for dijets with Ep > 7 (10) GeV, which results in
+1.3% (£1.7%) uncertainty on the cross section.

Jj
9DPE

Jj
N dogp

— 13% (1.7%).
(€p:t5)

JJj
o
(&5, t5) SD
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Calculating the uncertainties on the cross section as in SD dijet case, we obtain
the systematic uncertainties as given in Table 6.7. The measured cross sections ag PE

of DPE dijet events including these uncertainties are given as follows,

0.035 < & < 0.095, 0.01 < &, < 0.03, |t;| < 1.0 GeV?

Eif > 7GeV 43.6 + 4.4(stat.) + 21.6(syst.)nb
Eift > 10 GeV 3.4 £ 1.0(stat.) £ 2.0(syst.)nb

The ratios of DPE to SD, SD to ND and DPE to ND dijet production cross sections
for Er > 7GeV and Er > 10 GeV are given below:

0.035 < &5 < 0.095, 0.01 < £, < 0.03, |t;| < 1.0 GeV?

Eit > 7GeV Roes 0.27 + 0.03(stat.) + 0.05(syst.) %
Rsp 0.32 £ 0.003(stat.) £+ 0.07(syst.) %
Ropre [0.86 + 0.09(stat.) + 0.23(syst.)] x 10~°
Eit > 10 GeV Roes 0.12 + 0.03(stat.) + 0.05(syst.) %
Rsp 0.18 + 0.004(stat.) £+ 0.04(syst.) %
Ropre [0.21 £+ 0.06(stat.) &+ 0.10(syst.)] x 10>

6.7 Cross Section Ratios Rpre and R sp
SD ND
In terms of the parton density functions of the proton f,, ,, (21, @Q?%), and the antiproton

for/p(@2, @%), the non-diffractive (inclusive) dijet production cross section ol is given

by 3 _JJ
d°o
NP N (@, Q) (e, Q)
ik

dé(ik — jj)
dxy dzy dt t

: 6.22
7 (6.22)

where dé(ik — jj)/dt is the cross section for the parton subprocess ik — jj. The
xy and x, are the momentum fractions of the p and p carried by the struck par-
tons p; and py, respectively. The diffractive dijet production cross section ang is
given by Eq. (2.18) in terms of f,,/,(z;, @) and the diffractive structure function
FP (& t, B, Q%) of the antiproton, where (3 is the fraction of the pomeron momen-

Pi/P

tum carried by the struck parton p,. The cross section ratio R sp of diffractive to
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non-diffractive dijet production is therefore given as

. do(1k 1]
/dxl/dﬂ/dt me/p(xl, Q%) FP (€1, B, Q) - W

N_D(f t) = P E T
/dxl/d:rz/dt > Folers @) s Q) k231
(6.23)
The diffractive structure function F, /p(f . t, B, Q%) is defined as
pk/p(é-a t ﬁ: Q ) = flP/ﬁ(&a t) ’ fpk/lP(ﬁa Q2)7 (624)

so, if we use a bold assumption that the quark and gluon composition of the pomeron

is the same as that of the proton or antiproton, we get the following relation:

Rsp (& 1) = fpjp(€ 1) (6.25)

Recalling the DPE cross section given by Eq. (2.20), the DPE dijet production

cross section oppp is given by

d4UgPE _ 1 d2JSD dZUSD p (6.26)
d§; d€, dt; dt, ol d&p dtp dé, dt, ’ '

where O’?b_ () is the diffractive dijet production cross section in single diffractive

events with a diffracted p (p). Integrating over the &; and ¢, the cross section ratio

R% of DPE to single diffractive dijet production is given as follows,
d’o gPE jj
R% (61” tp) = dgp dt O.%'JD—p
dZO'S d°ospyp .
jj
. 2
dé-p dtp OND (6 7)
Recalling the above arguments for the R sp ratio, the R% ratio is written as
. do(ik — 77)
/dl‘2/dﬂ/dt prk/ﬁ(x% QQ) 'Fp?/p(fpa tpa ﬂa Qz) : T

.
[ e [ o, [ di > oz Q) By @) otk 2 )
(6.28)

Rpee (&, ty) =
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where Fp?/p(f, t, B, @?) is the diffractive structure function of the proton defined as

Fp?/p(ga t, 3, Q2) = flP/p(fa t) ) fpi/IP(ﬂ; Q2); (6-29)

and the p; denotes the interacting parton in the pomeron. Under the above bold

assumption, we get the following relation:

R% (67 t) = flp/p(é-a t)' (630)

From Egs. (6.25) and (6.30), if we rely on the bold assumption that the quark and
gluon composition of the pomeron is the same as that of the proton or antiproton, we

expect that the two ratios R% and R% should be same at the same &, ¢.

The fractional momentum of the antiproton (z;) and the proton (z,) carried by
the interacting parton can be reconstructed from the Ep and pseudorapidity of the
jets in the following way:

— 1 o i,
vo= ;ETe , (6.31)

Njet

1 oo
x, = ﬁgETe“h, (6.32)

where N, is the number of jets. Figure 6.28 shows the z; (upper) and w, (lower)
distributions reconstructed from the two leading jets plus the third jet if it has E%et?’ >
5 GeV, using Eqgs. (6.31) and (6.32). Compared in the figure are the distributions for
DPE events at the (0,0) bin and SD, ND dijet events. The ND background in SD
sample is found to be so small (less than 1%) that it can be neglected, while the SD
background in DPE data, shown as the shaded histograms, is expected to be large
(14%).

To study the cross section ratios, we select events (corrected for the Roman Pot
acceptance) with the following kinematical range, and then make the ratio R% of
DPE to SD dijet production rate as a function of x,; 7 < E%et < 10GeV for two
leading jets, 0.035 < &; < 0095 for SD and DPE, and 0.01 < &, < 0.03 for DPE events.
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F/’>7GeV, 0.035< £ <0.095, It;1<1.0GeV?
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Figure 6.28: z; (upper) and xz, (lower) distributions of DPE dijet candidates (black
points), SD (dashed histogram) and ND (dotted histogram) dijets with Ep > 7 GeV.
The shaded histograms show the shapes of SD background events in DPE candidates.
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The t; range |t;] < 1.0 GeV? is fixed for both SD and DPE data. The three highest Er
jets are used in the x, evaluation if the third jet has Ej™ > 5GeV as above. The 3"
cut is imposed to select the data with approximately same Q? (= ((EZ")?)), justified
by that the E;, spectra of two leading jets in DPE events are similar to those in SD
events (see Figure 6.11(a)). Also, another reason for this cut is to reduce the influence
of By dependence of x, distributions. As discussed previously, the SD background in
DPE events at the (0,0) bin is negligibly small by applying the cut of 0.01 < §, < 0.03.
For DPE events, a rapidity gap acceptance (88.0%) is also corrected. This value is
higher than 83.7% which is obtained in Section 6.5.1, due to the cut of upper Ej
threshold. The result of R% ratio is shown as a function of z, in Figure 6.29(a).
The increasing trend of the ratio with decreasing z,, is observed. To make comparison
with R%, ratio of SD to ND dijet rate, the R% is divided by the width of &, range

= 0.02 to get the ratio per unit &,. Therefore, the ng

sp per unit &; as a function of

x, should be compared and it is shown in Figure 6.29(b). The E}" and &, ranges are
same as for R%. Figure 6.29(b) shows that the R% increases as x; decreases.

The best way to study the cross section ratios is to compare them at the same &; and
§p ranges to minimize the £ dependence of the pomeron flux factors. But, the Roman
Pot acceptance is restricted within the range §; > 0.03 and hence only the comparison
for different & ranges is possible. In studies of diffractive dijets at /s = 1800 GeV
[64], we observe that the diffractive structure function is dependent of both § and
¢ and behaves like ~ 5 - ¢. However, the ratio of diffractive to non-diffractive dijet
cross section as a function of x; is found to be approximately independent of &,. This
indicates that the R% ratio for 0.01 < &; < 0.03 is almost same in both the shape and
normalization as that for all the data range 0.035 < &, < 0.095, by simply assuming
that the observed behavior of approximate ¢ independence is adopted even at lower &
values which we cannot measure.

The effect of including the third or higher jets into the x evaluation is important

in the rate and shape comparison. In study of diffractive dijets [64], the ratios of SD

149



___ CDF Preliminary ... CDF Preliminary

“ ] &
= 7 < E*M? < 10 GeV | = iz 1
5 0.035 < & < 0,095 | S 7 < g% <10 GeV
o | 0.01 < §,<0.03 5 1L 0.035< & < 0.095 |
o It51<1.06eV . I51<1.0GeV |
1 o [
[ stat errors only ] [ * x; = 1.0X 107 stat errors only ]
[ X, = 0.5X &0, 1 r : 1
I s |
; ++ %: 0.5X £
i + ] 10 ; E
—17 | E | —— E
10 3 - —— i
I ® Roeesso (Xp) / Ag, (=0<O2) 1 I ® Romo (XE) / At (20'06)
[ 1 ——
10_2 | | L 10_2 | | Ll
10° 1072 107 107° 1072 10!
Xp X5
a VS T b VS Ij
(a) RDSPDE P (b) RS—% P

Figure 6.29: (a) Ratio of DPE to SD dijet event rates per unit £, as a function of  for
the p. (b) Ratio of SD to ND dijet event rates per unit &; as a function of « for the p.
The kinematical ranges applied in = evaluation are shown in the figures. The dashed
line in (a) shows an upper limit of effective x, range, selected to be 0.5 X &,,,;, where
Epmin = 0.01. A right dashed line in (b) is the same as above but &;,,;, = 0.035. A
left dashed line shows a lower limit of effective x, range, which is applied to avoid the
detector end effects.

to ND events for higher jet E; thresholds of 10 and 15GeV show a slightly lower
rate than that for £ > 7GeV, and also they show a steeper rise than 7GeV case
at the smallest x, range. These observed effects can be understood by taking into
account the larger amount of radiation in non-diffractive dijet sample, which causes
the large activity of third or higher jets. The cut value (5GeV) on the third jet E%ew
used in the main analysis might give some possible uncertainties to the rate and slope
of the z, and x, ratios. We investigate the effects of number of jets included in the
x evaluation on the x ratios, by changing the number of included jets and the third

jet Ep cut. Figure 6.30 shows the R% versus z, for four different cases of jets

used in x calculation: (a) the two leading jets plus the third jet with Ep > 5GeV,

150



as in main analysis, (b) only the two leading jets, (c) the two leading jets plus at
most three jets (i.e., third, fourth and fifth jets) with E; > 5GeV, and (d) the two
leading jets for events with exact two jets, selected by E%ew < 5GeV. The dashed
lines represent x, = 0.001 and x;, = 0.5 - {, - Inclusion of third or higher jets would
increase the z, range as seen in comparison with (a) or (c) and (b), but it is not so
significantly different. All the distributions look similar although the statistical error
is relatively large. About 66 % (55%) of DPE (SD) events with at least two jets of
7 < EI" < 10GeV for the above kinematical range have only two jets (F1%"* < 5GeV).
When we select these events, the ratio overall increases but the shape does not change
so much, as shown in (d).

For the above four different cases, the ratio R% of SD to ND dijet event rates
versus the x, is also shown in Figure 6.31. The fraction of exact two jet events in ND
dijet sample is about 34 % for this E%et range, so the ratio R% goes up in the case of
exact two jet events (open circles).

As mentioned previously, we have found [64] that the R sp ratio as a function
of x; has approximately no £, dependence in both shape and normalization within
the range 0.035 < §; < 0.095. It is worth looking again into the §; dependence of
the R%(xﬁ) ratio for our measured kinematical range. The R%(xp) ratio per unit
& for 6 different &; ranges is presented in Figure 6.32. The data below z; = 0.001
in which the ratio could be affected by the detector end effects is not shown. The
full lines represent the fits to the ratio by the form a x :rg. The right dashed lines
give the values z; = 0.5 - (§;) which are the upper edges of the fit ranges. There is
again no visible &; dependence in the R%(aj—) ratio for 0.035 < &; < 0.095. Under

p

the assumption that this §, independence of the R sp (z;) ratio still holds at lower &;
range 0.01 < &; < 0.03, we compare the R%(l‘ﬁ) with the R%(:rp).

In Figure 6.33 we present the ratio R%(xp) per unit &, (black points), superim-
posed on the distribution of the ratio R sp (z;) per unit & (open points). The relevant

x ranges which can be used in the rate comparison is expanded from 0.001 < x <
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Figure 6.30: Ratio of DPE to SD dijet event rate per unit £, as a function of z for
the p. The distributions are shown for four different cases of the jets included in z,
evaluation. (a): the two leading jets plus the third jet with Er > 5GeV, (b): only the
two leading jets, (c): the two leading jets plus at most five jets with Ep > 5GeV. For
these three cases the dijet events are used. For (d), only the two leading jets are used
for events with exact two jets, selected by E%et?’ < 5GeV.
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Figure 6.31: Ratio of SD to ND dijet event rate per unit & as a function of x for
the p. The distributions are shown for four different cases of the jets included in z;
evaluation. (black circles): the two leading jets plus the third jet with Ep > 5GeV,
(triangles): only the two leading jets, (downward triangles): the two leading jets plus
at most five jets with Ep > 5GeV. For these three cases the dijet events are used.
For (open circles), only the two leading jets are used for events with exact two jets,
selected by EJ™ < 5GeV.
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0.5 - &ymin to 0.001 < z < 0.5-(&,) ((§,) = 0.02) because of no &; dependence of
R%(:rp) within 0.001 < z; < 0.5 - (§;) shown in Figure 6.32. In Figure 6.33 the
errors with the horizontal bars represent the statistical uncertainties. The outer errors
of R% ratio show the statistical and systematic uncertainties added in quadrature.
The systematic uncertainty of R sp is given by the shaded band at z; > 0.001. Here
one should note that an overall normalization uncertainty of 19% (22 %) for R%
(R%), evaluated in the previous section, is not included in the systematics. The
systematic uncertainties plotted here are estimated by looking at the shape difference
in R for three different cases of including jets in the x evaluation: (a) the two leading
jets plus the third jet with E7 > 5GeV, used in the main analysis, (b) only the two
leading jets, and (c) the two leading jets plus at most three jets with Ep > 5 GeV.
Figure 6.33 shows that the R% is higher than R% within the range 0.001 <
x < 0.5-(&,). In obtaining the results for the R% plotted in Figure 6.33, we use the
rapidity gap acceptance of A,,, = 83.7 £ 11.1%. However, at 0.001 < z, < 0.5-(§,)
the rapidity gap acceptance becomes large (93 %) because the &, would also become
small due to a correlation between x, and &, and hence the rapidity gap size increases.
This z, — , correlation arises from a similarity of the formulas Eqgs. (6.32) and (6.9),
and from the fact that a DPE system with small center of mass energy is dominated
by jets. Picking up four data points of R% and R% with —2.8 <log 2,5 < —2.0
and calculating a weighted average with the errors including the overall normalization

uncertainties, we obtain

<R%) = 0.80 £ 0.26(stat.) 3% (syst.) %,

(Rsp) = 0.14 + 0.01(stat.) =30 (syst.) %.

S

Thus, we estimate the ratio between them, D, defined as <R%) divided by (Rsp)

S

within the range —2.8 <logyxpp) < —2.0, to be
D = 56713

Under our above assumption that the quark and gluon composition of the pomeron is
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Figure 6.33: Ratio of DPE to SD (SD to ND) dijet event rate per unit §, (§;) as a
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5 > 0.001.
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the same as that of the proton or antiproton, we expect that the two ratios (R%)
and <R%) should be same and hence D = 1. Our observed ratio D = 5.6} seems to
indicate the process dependence of the pomeron flux factor, although the experimental
errors are large, and we have relied on the another assumption that the &; independence

of the Rsp (z;) ratio sill holds at lower §; range 0.01 < &; < 0.03.

6.8 Dijet Mass Fraction

In dijet events of DPE, a measurement of the mass fraction of dijets will be interesting.
If the fractional momentum of the pomeron carried by the interacting parton is [, the

dijet mass squared in DPE, ij, is given by

M}, = &f1 - &Pa - 5 = B P My, (6.33)

where My = /£,&s is the central DPE system mass. The fraction of dijet mass to

the central system mass, R;;, defined as
M;;
R]“ = M =V ﬁl 627 (634)
X

would give the information on the parton structure of the pomeron in DPE.
One of the theories for the DPE processes, called ”Non-Factorizable DPE (NF-

DPE) model” [55] predicts that only two jets are produced in DPE, and nothing else:
p+p = [p+IP+ [p+IP] = p + 7 + jet + jet, (6.35)

that is, a central system X contains only two jets. If this model is valid, the fraction

R;; should be very high (theoretically 1).

The dijet mass of DPE events at the (0,0) bin is shown in Figure 6.34(upper).
Here the dijets of DPE events are not processed by the out-of-cone (OC) correction in
JTC96, as in Section 6.5. This dijet mass is therefore called M;;(cone) because the OC

energy is not taken into account. For the denominator of R;;, we use the corrected

7

DPE system mass M pp that is the measured mass M3 pp times the constant factor
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1.7 (see Section 6.5). We should note that this correction is valid only on average, so
that the mass fraction defined as

M;;(cone)

Hig = Mppg

Y

is not correct on an event-by-event basis. The obtained mass fraction for DPE dijets is
shown in Figure 6.34(lower). All the plots are corrected for the Roman Pot acceptance.
The dijet mass from SD background has a similar shape, but the R;; of SD background
is smaller than that of DPE due to larger system mass of SD than DPE. The mean
of R;; for DPE events is around 0.29 & 0.01 and the tail extends up to about 0.7. We
do not observe any events with R;; > 0.7. This implies that the contribution from

Non-Factorizable DPE to our observed data is small.

6.8.1 Limit on Non-Factorizable DPE

From the dijet mass fraction shown in Figure 6.34, we set a limit on the contribution
from Non-Factorizable DPE (NF-DPE) in our kinematical range. For this purpose, we
reconstruct the true dijet mass Mj;(total) including the OC correction, then estimate
the ratio R,,,., defined as

M ;(cone)

= N
Reone = 37 (total)

The NF-DPE events have only two jets in the final state (excluding the leading proton
and antiproton), so that they should have the system mass Mppr being equal to

M;;(total). Accordingly, in NF-DPE events we should obtain the following relation:
Rjj = Reone-

Figure 6.35 shows the R.,,. distributions for (a) Er > 7GeV and (b) Er > 10 GeV
DPE dijet events of (0,0) bin (histograms). The mean R, is ~ 0.81 (0.84) for £, > 7
(10) GeV dijets, which indicates that the OC particles have about 23 % (19 %) of the
energy of the dijets for Ey > 7 (10) GeV. Also shown in the figures are the R;; ratios
(points). If the NF-DPE model is correct, the R;; distribution should coincide with
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subtracted), corrected for the Roman Pot acceptance.
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the R.,,. distribution. However, the two distributions are clearly different, as shown
in Figure 6.35.

Before setting a limit, it is worth noting that our kinematical range (0.035 < &; <
0.095, 0.01 < &, < 0.03) should constrain the acceptance of produced jets. In NF-DPE
model a parton with 3.5 to 9.5% of the p momentum interacts with the other parton
with 1 to 3% of the p momentum (a pomeron ~ a parton). A simple calculation of
kinematics shows that a small fraction of two jets with Er < 6 GeV could be produced
outside a reasonable detector acceptance region |n| < 3. To be safer, we might have
to use higher Er dijet data of Er > 10 GeV. But, as presented below, we expect from
recent theoretical calculations that almost all NF-DPE dijets with Ep > 7GeV are
produced within the range || < 3. From our observation of zero events with R;; > 0.7,
we determine the number of NF-DPE events in our DPE data to be less than 3.1 at
95 % confidence level (C.L.) under the assumption of no background with R;; > 0.7.
For B > 7GeV dijets, we therefore evaluate Ry, a fractional NF-DPE contribution
to our observed DPE events, to be R%% < 2.6 % at 95% C.L., by dividing 3.1 by the
number of our DPE events before the Roman Pot acceptance correction. Here 0.7 of
RY%7% stands for the cone size of jet.

In principle, the shapes of R;; and R, distributions are not affected by the jet
energy scale and underlying event energy uncertainties, and in fact it is seen in the data.
But, the total number of observed events could change with these uncertainties. By
varying the jet energy scale by +1o (=+5.6 % for |1’¢!| < 2.4, 6.1 % for || > 2.4),
we find that three events have R;; > 0.7 in case of energy scale with +10 but in case
of —1o there are still no NF-DPE candidate events. Dividing 3.0 (3.1 at 95% C.L.)
by the total number of events, we obtain R%% < 1.9% (3.8% at 95% C.L.) for jet
energy scale with +(—)1o. Similarly, the changes of £30 % (=10) of UE energy result
in RY% < 3.0% (2.4%) at 95% C.L. for +(—)lo variation. We conservatively take
a larger variation: 1.2% for jet energy scale and 0.4 % for UE energy. Adding these

variations and statistical uncertainty (1.5 %) in quadrature and conservatively taking
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the upper end, we obtain
RYe < 46%  (95% C.L.).

When we use a larger cone size R = 1.0 to reconstruct the jets, we expect that
both the R;; and R, should become higher due to smaller OC energy. The Rj;
and R,,,. distributions for R = 1.0 jets are shown in Figure 6.36. Note that the
R.one distributions for the two Ep thresholds are narrower than the cases of R = 0.7
and localized at R.,,. > 0.9. The NF-DPE signal should appear, if it exists, at
Rj; > 0.9. From 4.5 observed events with R;; > 0.9 for By > 7GeV dijets (Roman
Pot acceptance corrected), Ry} < 1.7% is obtained for the cone size R = 1.0. The
Ryp variations resulting from 410 changes of jet energy scale and UE energy are
estimated in the same manner to be *) % and 0.3 % respectively. Adding the larger

errors in quadrature with the statistical uncertainty of 0.8 % and taking the upper

end, the NF-DPE contribution is evaluated to be
Ry < 2.7%,

for the cone size R = 1.0. The measured Ry limits are consistent for both cone sizes.
The limit Ry), is covered by the limit R%, so we take the result, R%% < 4.6 % (95 %
C.L.), as the limit to NF-DPE.

6.8.2 Comparison with Theoretical Predictions

So far a couple of models for Non-Factorizable DPE have been developed. One of
them, proposed by A. Berera and J. Collins [66], gives preliminary NF-DPE dijet cross
sections at /s = 1800 GeV and 630 GeV. They estimated the cross section of events
with dijets of Er > 5GeV and 0 < &, &, < 0.05 where the & and &, are the momentum
fractions of incoming protons participating into the hard process. The cross section
which they obtained for NF-DPE was about two or more orders of magnitude larger
than the conventional Regge Factorized DPE (F-DPE), which applies the Ingelman-
Schlein model to DPE.
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Figure 6.36: Fraction R;; of dijet mass within the cones of R = 1.0 to the central
system mass for DPE events with (a) Er > 7GeV and (b) Er > 10GeV dijets
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the total dijet mass. All the plots are for DPE events at the (0,0) bin (SD background
subtracted), corrected for the Roman Pot acceptance.

163



Recently new results of DPE dijet cross section which can be directly compared
with experimental results were published by A. Berera [67]. In this paper he calculated
the Ep and mean 7 of dijets and compared them for the predictions of F-DPE based on
the Ingelman-Schlein model, and NF-DPE of their model. Also, the DPE dijet cross
sections were estimated for both models. In these calculations he applied the cuts to
compare with the CDF and D{) preliminary results which we and D) reported in a
couple of conferences.

In comparison with CDF data he quoted the analysis cuts which were presented in
the Small-x conference [68]: jet Ep > 7GeV, 0.04 < &; < 0.095 and 0.015 < &, < 0.035.
The rapidity of jets was required to be within the detector region —4.2 < y;,y, < 2.0.
The upper limit of 2.0 is due to the rapidity gap requirement for the proton direction.
The &, and &, cuts are slightly different from our present ones, but here we don’t have
to worry about such small differences between the new and old cuts. In this kinematic
range he predicted the rapidity and E distributions of NF-DPE dijets using his model.
One important result is the acceptance of NF-DPE jets versus the jet rapidity. At
Er =7GeV, the NF-DPE jets were produced within the range —3.3 < y; < —2.3 and
1.4 < y, < 2 (and interchange of y; and y,). As Er increases, the jet rapidity bands
move inwards, i.e., overall rapidity distribution shrinks. This means that the CDF
detector acceptance fully covers the NF-DPE signal, and hence supports our above
derivation of NF-DPE limit at E, > 7GeV. His calculation of F-DPE and NF-DPE
dijet cross sections with CDF cuts is summarized in Table 6.8.

The parton density functions for the Factorized DPE model which he used are
quoted from the paper of L. Alvero, J. Collins, J. Terron and J. Whitmore [69], called
“ACTW”. Five parameterizations of the parton densities used by ACTW are the

followings:
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Table 6.8: DPE dijet cross sections (in units of pb) with CDF analysis cuts for the (a)
Factorizable and (b) Non-Factorizable DPE models, quoted from [67].

(a) ogijer - (1b)

ACTW A ACTW B ACTW C ACTW D ACTW SG

0.011 1.0 0.011 4.2 0.24
(b) O.é\z[jb;t PP (ub)
No Sudakov Sudakov p? = 1.0 Sudakov p? =1.3
5.6 2.5 1.7
Bfyp(B.Q%) = a,B(1-p),
a,B(

Bloap(B,Q%) =
ﬁfq/P(ﬂ; QZ) =
Bfoap(B,Q°) = a
SG  Bfyyp(B,Q°) =

O aQw =

1= )+ a,8(1 = )
a,[B(1 = B) +a4(1 - B)°

)7,

gB(1 = B) + a,[B(1 — )+dq(1_ﬁ)2]7
8( )03+aqﬁ(1_ﬂ)7

where (3 is the momentum fraction of the pomeron carried by the struck quark or gluon

(e.g., for B, § in the term a,3(1 — () represents the gluon momentum fraction, and

in a,8(1 — () the quark momentum fraction.) Therefore, the coefficients a,, a, and a,

give the magnitude of the contributions from conventional hard gluon, hard quark and

soft quark. For SG, the gluon term is strongly emphasized at large 3 near 1, so this is

called “super-hard gluon”. The relative magnitude of gluon and quark contributions

were obtained in the fits to experimental data of diffractive deep inelastic scattering

and photoproduction at H1 and ZEUS (See details in [69]). The obtained values of

coefficients that give the best fits are as follows for the pomeron trajectory ap = 1.14.

PDF a, a, a,
A 0.240£0.006 0 0
B 0.239£0.006 4.5+0.5 0
C 024940011 0  —0.031+0.029
D 0.292+0.013 9.7+1.7 —0.159+0.029
SG 0.225+0.008 7.4422 0
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Therefore, B, D and SG have much larger contributions from the gluons than the
quarks. To provide a good fit to photoproduction data, the parton densities with
a large amount of gluon (B, D) were favored. In diffractive pp interactions at the
Tevatron, it is also found [18] that a large fraction of gluon components is necessary to
describe the data. This means that we should compare our data with the predictions
obtained using B and D. Seen in Table 6.8 is that the F-DPE dijet cross section of B or
D is about 10? larger than that of A or C, and it is in the order of ub. Compared with
our measured DPE dijet cross section of about 44nb at E; > 7GeV (Section 6.6.3),
these predictions are higher by an order of two. In addition, as discussed in Section 7.2
of next chapter, we find that the DPE dijet cross section which we measure is about
a factor D2 lower than the predictions of the conventional Regge factorized Monte
Carlo (POMPOMPYT) with Donnachie-Landshoff (DL) pomeron flux parameterization.
The factor Dopr = 0.19 £ 0.04 is a discrepancy factor from DL flux prediction which
we measured in diffractive W, dijet and bottom quark rate analyses [16, 17, 18]. A
disagreement with an order of two, which we see between our measured cross section
and F-DPE predictions, is consistent with the discrepancy of D2, = 0.036.

What is of great importance in Berera’s calculation is that the cross section of
NF-DPE dijets is comparable to that of F-DPE (ACTW B or D), and is around a few
ub. The suppression from Sudakov corrections to low virtuality gluons taking part
in a hard process changes the cross section only by a factor of 2 or 3. On the other
hand, as described previously, the fraction of NF-DPE contribution to our total DPE
sample is measured to be Ryr < 4.6 % at 95% confidence level. Recalling that our
measured DPE cross section is about 44nb for events with dijets of Ei*" > 7GeV,
0.035 < & < 0.095 and 0.01 < &, < 0.03, we can estimate the NF-DPE dijet cross

section in data to be

Ogner VTP < 44nb x 4.6% = 2.0nb.

This concludes that the NF-DPE production rate obtained from the data is an order

of 107* smaller than the theoretical calculation by A. Berera [67].
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Chapter 7

Monte Carlo Simulations

The Monte Carlo program to simulate hard scattering processes in diffraction, called
“POMPYT” (version 2.6) [56], is used in the analysis. This event generator is based on
a generator “PYTHIA” [51] and it consists of the source programs of PYTHIA package
with the addition of several components to implement the pomeron exchange process,
the pomeron flux factor and parton distribution functions of the pomeron. The hard
processes of the partons are executed by the PYTHIA and the fragmentation and
hadronization processes are simulated by the JETSET [51]. Basically the POMPYT
Monte Carlo can generate single diffractive events in pp, pp, vp and ep collisions,
based on the standard Regge factorization and the Ingelman-Schlein model. Kerstin
Borras (The Rockefeller University, CDF) modified the original POMPYT to match
with the CDF environment and to simulate the various parton distribution functions
of the pomeron which were experimentally measured or theoretically developed [62]. As
one of her modifications on POMPYT, the DPE event generation also became possible
[63]. This modified POMPYT Monte Carlo which can generate DPE events is called

“POMPOMPYT” in this thesis, and described in Section 7.2.
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7.1 POMPYT Monte Carlo Simulation

The POMPYT is based on the standard factorization hypothesis as described above.
In proton-antiproton collisions with an antiproton diffraction, an incident antiproton
emits the pomeron (IP) characterized by the fractional momentum loss of the antipro-
ton & and the four momentum transfer squared ¢, and then the excited proton with
the squared mass M? = s¢ dissociates. Here s is the center of mass energy squared in
proton-antiproton collisions. This algorithm is based on the Ingelman-Schlein model
for the hard diffraction (Section 2.2.1).

As discussed in Section 2.2.1, the differential cross section for hard diffractive

process is given by
d*o¥/, _ 1 dPaspy dPo(plP — jj+ X)
d€ dt dx; da, o(plP - X) d&dt dx, dxs

where o(pIP — jj+ X) is the proton-pomeron hard scattering cross section. The term
in brackets represents the pomeron flux factor fp/,(§, ). In POMPYT three different
parameterizations for the pomeron flux factor can be implemented. The first is a

simple form with the exponential ¢-dependence [6, 9, 70] given by

do?(pp — pX)/dE dt 1 1 <
B o (pp D )/§ o Zaiebit; (72)
1=1

frep(€ t) = cplP = X)  o(plP - X) &1
where o(pIP — X) is taken to be constant. This form is motivated from the sin-
gle diffraction cross section measurements. In the case of v = 2, the factor 1/57/2
corresponds to the well-known 1/M? dependence of diffractive scattering.

The second form is given by

Finl€.0) =~ e [FO)] (73)

where, for instance, the normalization coefficient C can be chosen so as to obtain the
same value as in Eq. (7.2) at t =0, i.e., C =), a;. The t-dependence in Eq. (7.3) is

given by the proton form factor:

4mg — At 1 2
B = Am2 —t '(1—t/B> ’ (7.4)
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where m,, is the proton mass, and A (=2.8) and B (=0.7) are the parameters obtained
by fitting to data.

The last form is the Donnachie-Landshoff flux factor [10] already described in
Section 2.2.2 and defined as

9 g 2 1 2ap (t)—1
fplect) = - [R0]  (5) (7.5)

where [ is the effective pomeron-quark coupling constant and the default value is
(3 = 3.24 GeV 2. For the pomeron Regge trajectory a;p(t) =1+ ¢ + o't, the default
parameter values are € = 0.085 and o/ = 0.25 GeV~2. This Donnachie-Landshoff flux
factor is used in the analysis, along with the CDF measured parameters.

The pomeron-proton hard scattering cross section o(pIlP — jj+ X) in Eq. (7.1) is

rewritten as follows,

do(plP — jj+ X do
U(p —>A]] ha ) = /dxz/dx] pri/p(xia QZ) fpj/lP(xja QQ)d_;a (76)
2

dt

where fp, /,(2;, @) and foi 110 (25, Q?*) are the parton distribution functions (PDFs) of
the proton and the pomeron, respectively. The x; (x;) is the momentum fraction of
the struck parton p; (p;) to the proton (pomeron), and & is the cross section for the
hard process between two partons. This formula is identical to what Ingelman and
Schlein proposed in their model, given by Eq. (2.10).

If the momentum fraction of the pomeron carried by an interacting parton is written

as z, the following three functions are often used as the structure functions of the

pomeron:
fywlz) = 6(1—2) (77)
zfop(z) = 62(1-2), (7.8)
z fyr(z) = gz(l—z). (7.9)

Eq. (7.7) gives the soft gluon structure function, where the pomeron is composed of

(many) low energy gluons. Eq. (7.8) gives the hard gluon structure function, where the
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Figure 7.1: The concept of POMPOMPYT Monte Carlo simulation. Dijet production
is illustrated as an example of hard scattering of two pomerons.

pomeron is composed of on average two hard gluons. Eq. (7.9) gives the hard quark
structure function, where the pomeron is composed of on average two hard quarks
(u, d, u, d). For these structure functions the @Q* dependence is ignored. Also, it is
worth noting that all the distribution functions in POMPYT are normalized to fulfill
the momentum sum rule:

/0 dz Z 2fpip(2) = 1. (7.10)

7

7.2 POMPOMPYT Monte Carlo Simulation

The POMPOMPYT for DPE event generation is based on the concept of conventional
Regge factorization and the exchanged pomeron with the Ingelman-Schlein type parton
model (Figure 7.1).

In the event generation we use the Donnachie-Landshoff flux factor given by Eq. (7.5).

For the parameters 3, and app(t), we use the following values measured by CDF for
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19881989 data [36, 37, 38]:
B = 3.202GeV 2, ap(t) = 1+0.115+0.26¢. (7.11)

This is called the standard pomeron flux factor in the thesis. In addition, the renor-
malized Donnachie-Landshoff pomeron flux factor is also used. This flux is defined
as the standard flux multiplied by a factor D¢ py for SD, and D2,y for DPE, where
Depr = 0.19 £0.04 is a discrepancy factor obtained from CDF measurements of dif-
fractive W, dijet and bottom quark productions [16, 17, 18]. This is also equivalent to
the flux with the Renormalized Pomeron Flux approach [4], being the standard flux
divided by the flux factor integral over all available phase space [11, 12, 13]. In actual
event generation we multiply the obtained cross section by this factor.

A parton distribution function of the pomeron is a free parameter for both the
POMPYT and POMPOMPYT. We have successfully generated DPE events using several
distribution functions including the soft gluon, hard gluon and hard quark. Out of

them, the following four distribution functions are used to compare with the data:

1. flat gluon z forp(2) = 1,

1+ 1
2. CDF gluon 2 fop(2) = log™' ( ” a> i (a < 1),

3. CDF quark+gluon  z f, /p(z) = f&PF - 62(1—2) +

(17071 Y 61— 2),

u,t,d,d

4. soft gluon z fop(2) = 6(1—2)°.

The first distribution function is called flat gluon because it is 100 % gluonic and flat in
all z range. This is useful in studying the detector acceptance effects on the structure
of the pomeron. Another motivation is that the H1 collaboration reports a pomeron
structure being consistent with 80-90 % gluon contributions with approximately flat
momentum distribution from a measurement of diffractive structure function of the

proton Fy’? in diffractive DIS [21]. The second is CDF gluon, an approximation of our
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measured (3 dependence of diffractive structure function of the antiproton F; [64]. As
discussed in CDF results of Section 2.2.4, our measured 3 dependence is approximately
expressed as ~ % and it should be same as the § dependence of parton density function
of the pomeron if the pomeron exchange contribution is dominant in our data. How-
ever, the form zf,/p(2) = 1/z violates the momentum sum rule, so zf(z) = 1/(z + a)
is used by adding a constant a being much less than 1 to the denominator. In this case
the normalization constant is given by log *[(1 + a)/a]. In actual event generation a
is chosen to be a = 107°. In addition, a = 107° is also used to see the difference on
generated events. We do not consider here the quark contribution because our par-
ticular interest is on a comparison of dijet kinematics and it is expected to be similar
for both the quark and gluon dominant models. The third distribution function is a
mixture of hard gluon and hard quark. In combined analysis of CDF diffractive W,
dijets and bottom quark productions [16, 17, 18], we obtain the gluon fraction of the
pomeron to be f{PT = 0.54701] by using the POMPYT with the standard flux and
assuming a hard structure of the pomeron (Section 2.2.4). So the pomeron model with
the mixture of 54 % hard gluon and 46 % hard quark should be consistent with CDF
published results. This is called later CDF' quark+gluon. Comparison of our DPE
data with the POMPOMPYT predictions based on these distribution functions would
enable us to confirm that our observation of an excess of rapidity gap events is really
attributed to DPE. The last structure, soft gluon, is unlikely to describe the CDF
results which have been reported so far. Therefore, it would be worth illustrating that
the disfavored structure function of the pomeron actually give the different behavior
from our data. It should be noted that all the distribution functions are formulated

to fulfill the momentum sum rule fol dz Y . z2fi(z) = 1.

7.2.1 Event Generation

The generated events of POMPYT and POMPOMPYT are all processed through the

CDF detector simulation (QFL version 3.59) to compare with the data, and then the
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analysis chain is applied as done in data. Our kinematical range of POMPOMPYT
event generation is 0.02 < & < 0.11, 0.0001 < &, < 0.11 in £ and [t;] < 5.0GeV?,
|t,| < 5.0GeV?in t. In POMPYT the range 0.001 < & < 0.11 and |¢;| < 5.0 GeV? is
used. In the following analysis the &; and ¢; are required to be 0.035 < &§; < 0.095
and |t;] < 1.0GeV? which is the data range. If the generated events contain the jets
reconstructed by the JETCLU clustering, the JTC96 corrections are applied to them.
However, for this correction the underlying event (UE) energy in both simulations has
to be measured and then subtracted from the jets. The UE energy can be estimated
using the methods used in data, but we have to take care of possible dependence of the
UE energy on the center of mass energy at which the event is generated. As illustrated
in the figure of [50], the center of mass energy dependence of UE energy is examined for
above four distribution functions in both SD and DPE event simulations. The observed
behavior of mass dependence is parameterized using the fit. For POMPYT SD event
simulation, we find no mass dependence in cases of flat gluon and CDF quark+gluon,
but in rest two we observe a linearly increasing UE energy with increasing mass due to
their softer structures. For POMPOMPYT DPE event simulation, the observed behavior
of UE energy is similar to SD case but all four distribution functions show that the UE
energy rapidly increases with increasing mass up to /sppp = 40GeV. In flat gluon
and CDF quark+gluon the UE energy becomes almost flat over \/sppp = 40 GeV, in
contrast to other two functions showing still linear increase over the entire generated
range.

Figure 7.2 shows the POMPOMPYT multiplicity correlation between the BBC hits
and FCAL towers on the proton side, after requiring the two jets with Er > 7GeV
after subtraction of measured UE energy. A BBC hit is defined as a charged particle
produced within the BBC coverage 3.2 < 1 < 5.9. The FCAL tower multiplicity is ob-
tained by counting the towers above E; thresholds used for the data (Eq. (5.2)), where
a tower is defined as a charged or neutral particle whose energy corresponds to the

detector energy using the n dependent corrections. This conversion method has been
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Figure 7.2: Multiplicity correlation between the BBC hits and forward calorimeter
towers for Ep > 7GeV dijet events in POMPOMPYT based on the (a) flat gluon, (b)
CDF gluon, (¢) CDF quark+gluon and (d) soft gluon distribution functions of the
pomeron. The definitions of the BBC hit and forward calorimeter tower are described
in the text.
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developed in diffractive W analysis [16] (details in [54]). In the flat gluon and CDF
quark-+gluon simulations, we find that the shape of low multiplicity region is in qual-
itative agreement with that of the data signal (Figure 6.1). However, the CDF gluon
case shows the distinctly different shape. We could attribute this apparent difference
to an insufficient knowledge of simulating the forward particles mainly originating
from the beam fragmentation. This ambiguity is therefore more strongly enhanced
in simulation of soft parton distribution functions. The soft gluon also shows larger
forward multiplicities and hence the magnitude of the peak of (0,0) bin is reduced.

Figure 7.3 shows the simulated £ and |¢| distributions for DPE events with Er >
7GeV dijets. The &, and |t,| are required to be 0.035 < &, < 0.095 and |t,| < 1.0 GeV?.
Due to softer distribution functions, both the CDF gluon and soft gluon simulations
have £, distributions with a strong enhancement at large &,. It is also seen for all
distribution functions that the range 0.005 < ¢, <0.03 is dominant for events of (0,0)
bin on the proton side. This is roughly consistent with our evaluation of dominant &,
range in data 0.01 < &, < 0.03.

Combining the simulations of POMPOMPYT and POMPYT, the cross section ratios
of DPE to SD dijet events can be compared with the data. In studies of PYTHIA
Monte Carlo it turns out that the PYTHIA does not well reproduce the data with
low Er jets, in particular for the absolute normalization. We therefore do not expect
the POMPYT or POMPOMPYT with a certain pomeron structure to describe the data
in normalization since both Monte Carlos are based on PYTHIA. However, a ratio
of normalizations in DPE to SD Monte Carlo would be somewhat free from possible
ambiguities. We give in Table 7.1 the obtained cross section ratios of DPE to SD dijet
events for data range : 0.035 < &, < 0.095, 0.01 < &, < 0.03 in € and |t,] < 1.0 GeV?,
|t,| < 5.0GeV?int. We have no information on ¢, in data so we do not apply any cut

on the generated ¢,. Comparing with the data results:

Rpre = 027 £ 0.03(stat.) + 0.05(syst.) %  (EJ" > 7GeV)

SD

= 0.12 £ 0.03(stat.) + 0.05(syst.)% (B > 10GeV),

175



EF>7GeV, 0.035<¢;<0.095, It;1<1.0GeV, 0.0001<£,<0.11, It)<5.0GeV*
o 5% =

E,”>7GeV, 0.035<£;<0.095, It;<1 .0GeV?, 0.0001<£,<0.11, 1tI<5.0GeV*
v 200 F :é" piadl F e e or] 0 me s or] F
5 [ 1150 B 8 All Events b
o L All Events ] t S 100 1 100
S 150 - r ] S r
Y r 1100 | . X [
2 100 | E : ] 2 L
$ E 1 s0 [ ] g 0 o
W 50 [ ] L 7 e} L
t E Lol Fh 1] N R
0 1 0 7004 006 008 0.1 0 0.05 0.1
Flat Gluon CDF Gluon Flat Gluon CDF Gluon
0 o [T E R R o o e
N 150 F [ r =" ot I [
o r ] 3 1 o 1 L
3 F 1 3 100 180 ¢
o t E o [
100 | N ] r
Y i 1 > { 100 [
- r b - 4 r
S r ] S 50 r
o 0 ] o 50 |-
0 " 004 0.06 0.08 0.1 .04 0.06 O. . 0 ) 0.1 05 0.1
CDF Quark+Gluon Soft Gluon CDF Quark+Gluon SG Gluon

(a) &p (b) &

EF>7GeV, 0.035<£5<0.095, It;I< 1.0GeV?, 0.0001<,<0.11, It,)<5.0GeV* E/>7GeV, 0.035<¢;<0.095, It;|< 1,0GeV?, 0.0001<£,<0.11, ItJ<5.0GeV
o 177GV, 00350000, 00T S S O <. o PR oo
% sh Rus 01921 103 Rus. nu); % 103 Al Evonts s oz 103
o 10 Al Events El ] [©)
o ] S 10 102
\ 4 2 \
2 10 2
c ° E o 10
2 1 ¢ 10
i 1 i}
10 e ]
0 05 1 15 2 0 05 1 15 2 0 05 1 15 2 0 05 1 15 2
Flat Gluon CDF Gluon Flat Gluon CDF Gluo
o e mi n B78s] o 3\\\\‘\\\\“&"\‘”2% T T T T T T e
% 103 = < 10 !
(@] E| O
o ] o
~N N
n 10 E| [%)
2 E 2
C | C
5] ] o
> b >
i i i}
10 4 ] ]
0 05 1 15 2 0 05 1 15 2 0 05 1 15 2 0 05 1 15 2
CDF Quark+Gluon Soft Gluon CDF Quark+Gluon Soft Gluon
(c) It5] (d) [tp]

Figure 7.3: (a) &, (b) &, (c) |t5| and (d) |t,| distributions for DPE events with
Er > 7GeV dijets in POMPOMPYT simulation. In each plot from (a) to (d), a flat
gluon is top left, CDF gluon is top right, and CDF quark+gluon is bottom left, soft
gluon is bottom right. The ranges of &; and |t;| are required to be the same as for our
data. The shaded histograms show the distributions of events with Ngpc = Noar =0
on the proton side.
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Table 7.1: The cross section ratios of DPE to SD dijet events for the simulations of
flat gluon, CDF gluon, CDF quark-+gluon and soft gluon distribution functions of the
pomeron. The kinematical range is given at the top of the table. For CDF gluon,
ratios of simulations with a = 107° (a = 107%) are given.

0.035 < & < 0.095, 0.01 < &, < 0.03, |t;| < 1.0GeV?, |t,| < 5.0 GeV?

Pomeron Structure | FLAT g CDF g CDF g+g SOFT g
I > 7GeV
Standard Fluz 1.52%  0.05(0.04) % 1.87% 1.98%
Renormalized Fluz 0.29 % 0.01(0.01) % 0.36 % 0.38 %
EI > 10GeV
Standard Fluz 0.87% 0.04(0.03) % 1.19% 0.64 %
Renormalized Flux 0.17% 0.008(0.006) % 0.23% 0.12%

we obtain about a factor of 5-7 (7-10) larger ratios than the data at Ep > 7 (10) GeV
for the standard pomeron flux factor, for all distribution functions except for CDF
gluon. The renormalized flux predictions are in much better agreements with the data
for both Ep thresholds. In case of @ = 107® for CDF gluon we see no significant
difference on ratios. This significant small ratio of CDF gluon simulation would be
attributed to unlikely large forward particle multiplicities. A discrepancy of data
from standard flux factor predictions is observed also in comparison with other parton
density functions of the pomeron : the ratios with standard (renormalized) flux factor
are evaluated to be 2.05 % (0.39 %) for hard gluon, 1.32% (0.25 %) for hard quark, and
1.21% (0.23%) for CDF flat quark+gluon with z f, ,/p(2) = fEPF - 14 (1 — fEPF) -
12 waaal at Bp > T GeV dijet threshold.

The observed rate discrepancy between the data and the standard flux predictions
(a factor 5-7) is consistent with the measured discrepancy Deppr = 0.1940.04 [18] and
hence the Renormalized Pomeron Flux model predictions [11, 12, 13]. This discrepancy
would be attributed to a breakdown of the factorization in the Ingelman-Schlein model

with the Donnachie-Landshoff pomeron flux factor.
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7.2.2 Dijet Kinematics

In comparison with the simulation predictions, the dijet kinematics observed in data
is shown for the leading and second jet Ep (Figures 7.4(a) and 7.4(b)), mean 7 of dijet
system, n* = (/" + n7%?) /2 (Figure 7.4(c)), and azimuthal angle difference between
the two leading jets, Ag = |¢’“!" — ¢/*?| (Figure 7.4(d)). We select events of (0,0) bin
in data and correct them for the Roman Pot acceptance as done in Section 6.4. The
shapes of 14 % single diffractive background are subtracted from the data points. All
the following comparison are made by selecting the simulated events of (0,0) bin and
then normalizing the distributions of data and simulations to a unit area.

The observed jet Ey distributions are roughly consistent with any Monte Carlo
shapes but the Er slope of soft gluon simulation looks slightly steeper than the data.
The Monte Carlo n* distributions are all similar to the data but again the soft gluon
case seems to have sharper peak at n* ~ —0.5. The data is almost consistent with
Monte Carlo shapes also in A¢ distributions. An increase of events around A¢ near
mradian is well reproduced in particular by the simulations with softer parton density

functions such as CDF gluon and soft gluon.

7.2.3 Pomeron £ for the Proton Side

We have evaluated the &, a fractional momentum loss of the proton, for observed DPE
events using the calorimeter tower and BBC hit information (Section 6.5). In Fig-
ure 7.5(a), comparison of §, distributions with the POMPOMPYT shapes is presented.
As above, the SD background is subtracted from the data and then the Roman Pot
acceptance is corrected. The Monte Carlo distributions shown in the figures are the
&y at the generated level. The obtained &, distributions of all Monte Carlos except for
soft gluon are similar to the data. A soft gluon case shows larger §, and it could be
most likely attributed to that the requirement of dijet kinematically enhances large &,

due to its soft parton density function.
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7.2.4 Dijet Mass Fraction

The shapes of the dijet mass and the mass fraction of dijet to total DPE system are
shown for the POMPOMPYT simulations in Figures 7.5(b) and 7.5(c). As above, the
Roman Pot acceptance is corrected, then the SD background is removed for the data.
For both data and Monte Carlos, the dijet mass is reconstructed from only the towers
within the cones so it is M;;(cone). The system mass in simulations is a generated
mass (center of mass energy in pomeron-pomeron interactions, \/SpPE = m).
We see in comparison with data that the dijet mass is in good agreement with the
Monte Carlo shapes of flat gluon, CDF gluon and CDF quark-+gluon. In dijet mass
fraction R;; we find that the flat gluon and CDF quark+gluon show the similar shapes
but it appears that they have slightly larger R;; than data. Contrary to them, the soft
gluon Monte Carlo shows much smaller R2;; because of its soft z structure. The CDF
gluon prediction is somewhat intermediate between the hard (or flat) and soft Monte

Carlo shapes and the agreement with the data is obtained.

In these comparisons of dijet events in DPE, we see that three parton density
functions which we assume, flat gluon, CDF gluon and CDF quark+gluon, relatively
well describe the data shape for the jet By, n*, A¢. The &, and M;;(cone) are also
well reproduced. It is unlikely that the soft gluon describes the data distributions.
These features are consistent with expectations from our published single diffraction
results [16, 17, 18]. Particularly the agreement of our DPE events with CDF gluon or
CDF quark+gluon simulation would attribute our observation of gap excess events to
real DPE process with two pomerons for both p and p sides.

To interpret the similarity among the flat gluon, CDF gluon and CDF quark+gluon,
it is worth noting that the low 3 partons with # <0.2 do not kinematically contribute to
the dijet production in DPE for our kinematical range. The flat and hard momentum
distributions are therefore indistinguishable so the Monte Carlos with flat gluon and

CDF quark+gluon should have similar shapes for all the distributions and actually
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they have (although the quark component in CDF quark+gluon may cause small
difference). The 1/ behavior of CDF gluon is regarded as soft structure, but due to
this kinematical effect only the gluons with # > 0.2, in which the distribution function
is approximated by rather flat distribution, contribute. Accordingly we expect that the
Monte Carlos with these three distribution functions basically have the similar shapes
and they are in good agreement with data distributions. Actually this is seen in
comparison of dijet kinematics. However, the data R;; distribution is similar to CDF
gluon prediction but looks slightly different from flat gluon and CDF quark+gluon
Monte Carlo shapes. Recalling the arguments in Section 6.8, the R;; provides the
direct information on the overall 3 distribution of the exchanged objects. Therefore, a
small disagreement of I;; which we see between data and flat gluon prediction could
be due to that this quantity more strongly depends on the 3 structure than the dijet
kinematics. This also indicates that at # 2 0.2 the data favors the 8 structure such as

CDF gluon, being no more flat but falling with .
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Chapter 8

Conclusions

Using a sample of events containing a diffractively scattered antiproton in pp collisions
at /s = 1.8TeV, we have studied dijet production by Double Pomeron Exchange
(DPE) process. A leading antiproton in diffractive pp interactions is observed by the
Forward Antiproton Spectrometers mounted in the Roman Pots. In the analysis, a
leading p track with 0.035 < &, < 0.095 and |t,;| < 1.0 GeV? is required, and then we
select events containing at least 2 jets with corrected transverse energy Ep > 7GeV
and > 10 GeV after processing events with JTC96 corrections. The underlying event
energy which we measured is subtracted from the jets.

In this sample of dijet events with a leading p after non-diffractive (ND) overlay
background is subtracted (single diffractive or SD dijet events), we search for the signal
of dijets produced by DPE. We observe an excess of dijet events with a rapidity gap
in the BBC (3.2 < n < 5.9) and forward calorimeter tower (2.4 < n < 4.2) on the
outgoing proton side. This excess is qualitatively consistent with the prediction of
the DPE Monte Carlo simulation POMPOMPYT [63] that assumes the exchange of the
pomeron with the CDF measured parton density function. The &, for the outgoing
proton direction is evaluated for these excess events. In our measured kinematical
range, we have estimated the cross sections 07/ of DPE, SD and ND dijet events and

their relative production rates R as follows,
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0.035 < &5 < 0.095, 0.01 < £, < 0.035, |t5| < 1.0 GeV?

Eift > 7GeV oo 43.6 + 4.4(stat.) + 21.6(syst.) nb
i 16.2 + 0.1(stat.) + 5.3(syst.) ub
ol 5.04 + 0.03(stat.) £+ 1.01(syst.) mb
E¥ > 10 GeV oo 3.4 4+ 1.0(stat.) + 2.0(syst.)nb
oi, 2.9 £ 0.1(stat.) £ 1.1(syst.) ub
oD 1.62 £+ 0.02(stat.) £+ 0.46(syst.) mb

0.035 < &5 < 0.095, 0.01 < &, < 0.035, [t;| < 1.0 GeV?

Eit > 7GeV Roes 0.27 + 0.03(stat.) + 0.05(syst.) %
Rsp 0.32 + 0.003(stat.) + 0.07(syst.) %
Ropre [0.86 + 0.09(stat.) + 0.23(syst.)] x 10~°
Eit > 10 GeV Roes 0.12 + 0.03(stat.) + 0.05(syst.) %
Rsp 0.18 + 0.004(stat.) £+ 0.04(syst.) %
Rppe [0.21 + 0.06(stat.) + 0.10(syst.)] x 1075

In comparison of Er > 7GeV DPE dijets with SD and ND dijets, we find that the
jet Ep spectrum of DPE dijets is similar to that of SD dijets, but looks slightly softer
than that of ND dijets. The DPE dijet is produced toward the p direction due to that
the momentum loss of the p is smaller than that of the p, and this feature is in contrast
to SD dijets boosted toward the p direction and ND dijet produced symmetrically. It
is seen that the dijets produced in DPE are more back-to-back than SD and ND dijets.

The cross section ratio R% of DPE to SD dijet production is compared between
the data and the predictions of the Monte Carlo simulations based on the Ingelman-
Schlein model with the Donnachie-Landshoff pomeron flux factor. We find the presence
of a disagreement of R% ratio between the data and the simulations. Incorporat-
ing into the simulations the discrepancy from the standard pomeron flux predictions
measured in diffractive W, dijet and bottom quark productions at CDF [16, 17, 18],
we find that the simulation predictions are in good agreement with the data. These

observed rate discrepancies are generally well predicted by the Renormalized Pomeron

Flux model [4, 12, 13].
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We have evaluated the mass fraction Rj; of dijet to central DPE system. For our
kinematical range E%et > 7GeV, 0.035 < & < 0.095, |t;] < 1.0GeV?, we estimate a

fractional Non-Factorizable DPE [55] contribution in our observed DPE events to be
R%. < 4.6%,

at 95 % confidence level for jets with cone size R = 0.7. For R = 1.0 jets, we obtain
RYY% < 2.7% which is consistent with R%%. Combining the limit R%% and the mea-
sured DPE dijet cross section, we estimate the contribution from the Non-Factorizable

DPE cross section to be an order of 107 of the theoretical calculation by A. Berera

[67].
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Appendix A

Roman Pot : Multi-Reconstructed
Tracks

In the Roman Pot trigger data after requiring the missing E; < 20 GeV, vertex cuts
and 1 M.LP. selection cuts, we find that a relatively large fraction (17 %) of events con-
tains the two reconstructed tracks in the Roman Pots (See Figure 4.4 in Section 4.4.1).
We use the data with two tracks in the main analysis. Therefore, the analysis of the
data with two tracks, in particular the reason why it is used, should be discussed (the
case with three or more tracks is not described because the fraction of those events is
negligibly small and we reject them in the main analysis).

In order to look at the data with two tracks in detail, we use a subset of diffractive
trigger data used in the main analysis. The total number of events in the subset
is about 438 K, and the same selection cuts as in the main analysis are required.
Applying the 1 M.L.P. selection cuts, the number of events is about 343 K. Their
reconstructed Roman Pot track multiplicity distribution for these 343 K events is
shown in Figure A.1. As seen in Figure 4.4 in Section 4.4.1, the subset used here shows
the same multiplicity distribution (only one track ~ 69% and two tracks ~ 17%).
Hereafter we refer to the data with two tracks (one track) as the NTRK2 (NTRK1)

sample.
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Figure A.1: Multiplicity distribution of reconstructed Roman Pot tracks in the subset
after requiring several selection cuts.

Figure A.2 shows the positions and angles of reconstructed tracks at Pot 1 in the
NTRK1 and NTRK2 samples. A track with the best reconstruction x? (called T1) is
taken for the NTRK2 sample. We see the similar shapes for all the distributions except
the X position, in which NTRK2 shows a peak at the edge of the pot acceptance close
to the beam. Therefore, a possible concern is a contamination from the beam particles
(e.g., p beam halo).

To see the beam “halo” particles, we use the "empty events” that have no vertex
with class > 5, and no BBC hits on both the east and west sides. This sample of
events is expected to contain more beam halo contribution. Figure A.3 shows the
distributions of the best x? and the next to best x? track (called T2) for both the
NTRK2 and empty samples. It is seen that the ¥y distribution of empty events
shows a different behavior (decreasing with increasing ) from that of NTRK2 data.

Therefore, to estimate the beam contribution, all the shaded distributions of empty
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Figure A.2: (a) X and Y positions, and (b) angles in the X-Z and Y-Z planes for
the events with one or two Roman Pot tracks. The dashed histograms are the distri-
butions for a track in NTRK1 sample. The shaded histograms are those for the best
reconstruction x? track in NTRK2 sample. The full histograms show the distributions
of all events for both the NTRK1 and NTRK2.

events are normalized by the ratio obtained by fitting ¥y distributions of empty events
to those of NTRK2 data at ¥y = 0. These overlaying distributions indicate that there
is a beam particle background in NTRK2 data, but it does not completely account for
the low X peak, in particular for T2.

So far there is no proof that two reconstructed tracks are two real particles. In
Figure A.4(a) we show the correlation between the difference of two track X positions
in Pot 1 (AX;5 = |X; — X5|) and the difference of two track ¥y angles in Pot 1
(A0x1o = [Ux1 — Uxz|) for the NTRK2 data. It is found that most of tracks could be
classified into four classes, each of which has a clear dependence between the AX,, and

Avx12. When requiring more accurate reconstruction in the Roman Pots by applying

the reconstruction x* < 3 for both the two tracks, the four classes (A-D) can be visibly
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(shaded histograms). All the distributions of empty events were multiplied by the
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separated, as shown in Figure A.4(b). The Avx,, dependence of AX,, for each class

is obtained from the figure as follows,

A ¢ AXp =200 (cm) x Ay (rad),
B AXjy =100 (cm) x Ay (rad),
C : AXy =0,

D 0.38 (cm) < AXy, < 0.57 (cm)

A'L9X12 < 0.7 (mrad).

By recalling the dimension of the Roman Pot (the distance between the two pots
is about 100 cm, so total length is 200 cm), it turns out that above three classes from
A to C could be due to that two paths of reconstructed tracks cross each other at
the pot from Pot 3 to 1 respectively, because a track position X is measured at Pot 1
(See Figure 3.8 in Section 3.3.2). Therefore, it is reasonable that one of the two tracks

belonging to the classes A to C could be attributed to a fake track resulting from the
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Figure A.5: Correlation between the X positions of two tracks fro the NTRK2 data.
Two tracks in the rectangles belong to the class D. The class C is on the line of
X, = X,. Other two classes A and B make the fine structure near the line, but they
are not on the line (except AX 5 = Ay = 0).

hit points being shared in the reconstruction. So, in the main analysis we use only the
track with the best x? for NTRK?2 data.

On the other hand, most tracks in the class D have Ad¥y < 0.3mrad and are
considered to be two separated tracks in X direction coming from the interaction
region almost parallel to each other. However, as seen in Figure A.5, both the two
tracks in the class D always hit the fibers at the same position. This plot shows the
correlation between the X positions of the two tracks of NTRK2 data. Two tracks
in the class D could be grouped into two sub-categories, one of which consists of
tracks around —1.6 < X < —1.3cm and —2 < X < —1.75cm, and the other around
X = —2.2cm and —2.75cm. These two sub-categories make almost constant distances
between the two tracks, which are seen in Figure A.4(a) as two visible different sub-

groups in the class D. Therefore, this study indicates that the class D probably could
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be due to an accidental coincidence of cross talks in certain channels of the MCPMTs
of three Roman Pots, that can make a fake track parallel to original track. This
probability is expected to be very small, and it seems to be consistent with about 1%

(0.2%) of the fraction of the class D in NTRK2 data (all NTRK1 and NTRK2 data).
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Appendix B

Live Time Acceptance

In the search for the DPE dijets, we use a rapidity gap method for the proton side. This
is based on finding an excess of events at the zero multiplicities for both the BBC and
forward calorimeter. This indicates that we need a correction for the occupancies of the
calorimeter and BBC by the detector noise or the particles from the interactions which
were not reconstructed as the visible vertices. This is called the live time acceptance
in the thesis, and it was originally studied in diffractive W analysis [16]. The live time
acceptance for the DPE analysis is described below.

First of all, we need events with no visible reconstructed vertices. Therefore, we
use a sample of 14 K events in Run 1A, a portion of events triggered by the detector on
beam-beam crossing only (RUN > 46146). From this sample we select events with no
vertex with class > 5. Then, we estimate the fraction of events with the zero BBC hits
and the zero FCAL towers, which corresponds to the BBC and FCAL live time accep-
tance. This fraction depends on the instantaneous luminosity as shown in Figure B.1.
By fitting the luminosity dependence by the linear function, and extrapolating it to
the average luminosity of our diffractive data (~ 2.08 x 10*’ cm ?s™ 1), we obtain the
live time acceptance to be 97.0 + 2.7(syst.) % for the east hemisphere (we are only
interested in the east side because it is a correction for the gap signal on the proton

side).
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Figure B.1: Live time acceptance (probability of finding exact zero multiplicity in
both the BBC and FCAL tower in events with no visible vertex) as a function of
instantaneous luminosity. Upper (lower) half is for the west (east) side. The black
points represent the subset of the diffractive data, and the crosses the beam-beam
crossing data of RunlA. The arrow shows the average instantaneous luminosity of our
diffractive data used in the main analysis.

As a check, we evaluate the acceptance using a part of our diffractive data. This
subset is collected during the low luminosity runs without any vertex requirement
in Level 3 trigger, in contrast to the normal diffractive trigger (See Section 4.1). By
selecting events with no class > 5 vertex in this sample, we obtain 411 K events during
75713 < RUN < 75738. Evaluating the fraction of events with the zero BBC and zero
FCAL tower multiplicities as above, the consistent live time acceptance is obtained as
seen in Figure B.1 although the statistical errors are large. Here a cut to the Roman
Pot trigger (total ADC counts < 800) is applied to reduce the bias from the Roman

Pot trigger, that enhances the tower multiplicity of the west calorimeter.
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